We present non-LTE time-dependent radiative-transfer simulations of pair-instability supernovae (PISNe) stemming from red-supergiant (RSG), blue-supergiant (BSG) and Wolf-Rayet (WR) star rotation-free progenitors born in the mass range 160-230 M ⊙ , at 10 −4 Z ⊙ . Although subject to uncertainties in convection and stellar mass-loss rates, our initial conditions come from physically-consistent models that treat evolution from the main-sequence, the onset of the pair-production instability, and the explosion phase. With our set of input models characterized by large 56 Ni and ejecta masses, and large kinetic energies, we recover qualitatively the Type II-Plateau, II-peculiar, and Ib/c light-curve morphologies, although they have larger peak bolometric luminosities (∼ 10 9 to 10 10 L ⊙ ) and a longer duration (∼ 200 d). We discuss the spectral properties for each model during the photospheric and nebular phases, including Balmer lines in II-P and II-pec at early times, the dominance of lines from intermediate-mass-elements (IMEs) near the bolometric maximum, and the strengthening of metal line blanketing thereafter. Having similar He-core properties, all models exhibit similar post-peak spectra that are strongly blanketed by Fe II and Fe I lines, characterized by red colors, and that arise from photospheres/ejecta with a temperature of ∼ < 4000 K. Combined with the modest line widths after bolometric peak, these properties contrast with those of known superluminous SNe suggesting that PISNe are yet to be discovered. Being reddish, PISNe will be difficult to observe at high redshift except when they stem from RSG explosions, in which case they could be used as metallicity probes and distance indicators.
INTRODUCTION
About a decade ago, numerical simulations of star formation revealed that the first generation of stars may have been supermassive (Bromm et al. 2002) , holding great promise to discover them, not as stars, but rather through their catastrophic explosions. Barkat et al. (1967) and Rakavy & Shaviv (1967) proposed that for stars sufficiently massive the production of e − e + pairs from γ-ray annihilation would lead successively to an implosion, a thermonuclear runaway, and an explosion leaving no remnant behind. These events are termed pair-instability supernovae (PISNe). In the coming decade, the opportunity to identify PISNe and study them in detail may be realized with new observatories such as LSST and JWST (Scannapieco et al. 2005; Hummel et al. 2012) . However, there is considerable uncertainty and speculation concerning ⋆ email: Luc.Dessart@oamp.fr the first generation of massive stellar objects, impacting our understanding of their formation, their evolution, and their explosion.
Recent simulations for the formation of the first stars has significantly altered the original picture. The initial mass function seems no longer to be heavily biased towards super-massive stars. Instead, it stretches down to lower masses, even very low masses (Caffau et al. 2012) , perhaps exhibiting a bimodal distribution (Stacy et al. 2011 (Stacy et al. , 2012 Clark et al. 2011) . Binaries should also be created (Stacy et al. 2010) , although the binary fraction is largely unknown. Simulations including feedback, in particular in the form of UV radiation, suggest that the circumstellar disk feeding mass into the primordial star is evaporated soon after the onset of steady thermonuclear burning. This feedback leads to the truncation of mass accretion and sets an upper mass limit for the newlyformed star of ∼ 30 M⊙ (Hosokawa et al. 2011) . Theoretically, primordial star formation does not seem to differ significantly from present-day star formation. Paradoxically, it fails to explain the existence in the Local Universe of super-massive stars like η Car (Davidson & Humphreys 1997; Hillier et al. 2001) , massive stars in the Galactic centre (Figer et al. 2002; Martins et al. 2008) , or the spectacular R136 nursery (Crowther et al. 2010) . Since supermassive stars in the Local Universe systematically belong to dense star clusters, they may form not in isolation but instead dynamically and chaotically from merger events (e.g., Bonnell & Bate 2005; Vanbeveren et al. 2009; Pan et al. 2012b) .
More generally, the nature of superluminous SNe remains perplexing. The interaction between two separate shells, which converts kinetic energy to thermal and radiative energy, is one way to boost the luminosity of a SN, because standard SNe typically have a hundred times more kinetic energy than time-integrated luminosities. Another way of producing a bright display is by depositing magnetar radiation into the SN ejecta (Maeda et al. 2007; Kasen & Bildsten 2010; Woosley 2010 ). The energy lost by the magnetar leads to the spin down of the magnetar which eventually quenches the magnetar radiation. For a dipole field, the spindown time scale is tsp ∼ 4.8B 15 G and P10 is the rotation period P in units of 10 ms. Depending on the magnetar parameters, its spin-down timescale may be comparable to the decay timescale of 56 Ni, making it an attractive substitute for models that require a larger-than-average production of 56 Ni for powering luminous SNe. While a PISN may synthesize a maximum of 57 M⊙ of 56 Ni (Heger & Woosley 2002) , it is unclear how much a "standard" core-collapse SN can produce. This reflects the poorly known core properties at the time of death, and the viability of the neutrino and magneto-rotational explosion mechanisms. The collapsar model is one instance where copious amounts of 56 Ni may be produced (Woosley 1993) , but the required core compactness to form such collapsars seem far more rarely matched by stellar evolution models, favoring instead the formation of proto-magnetars (Dessart et al. 2012d ).
Restricting our focus to very low metallicity environments the ansatz of the current study is that super-massive stars do form, populating the mass range 140-260 M⊙. Provided they do not lose much mass during the hydrogen-burning stage, they form a helium core with a mass in the range 64-133 M⊙ that should experience the pair-production instability and lead to a thermonuclear explosion that completely disrupts the star (Heger & Woosley 2002; Waldman 2008) . How often this occurs is completely speculative as it depends on the unknown formation rate of the progenitors as well as their evolution. A major component of this uncertainty is mass loss since it determines whether the star will explode as an extended blue-supergiant (BSG), as a very extended red-supergiant (RSG) star, or instead as a very compact Wolf-Rayet (WR) star. This, in turn, impacts the supernova (SN) light curve morphology and thus the potential detectability and reliable identification of these events (Scannapieco et al. 2005; Kasen et al. 2011 ). As we discuss here, a H-rich PISN from a RSG star at 10 −4 Z⊙ leaves little ambiguity about the origin of the event while connecting a superluminous Type Ic event with a H-deficient PISN is more challenging. It is unclear today if we have seen either H-rich or H-deficient PISNe (Dessart et al. 2012c) .
Mass-loss in metal poor massive stars is highly uncertain. Baraffe et al. (2001) found that metal-poor massive stars are pulsationally stable and, based on this analysis, should die with their hydrogen envelope. The metallicity dependence of radiation driving in massive-star winds suggests that this other form of mass loss, critical for OB and WR stars at solar metallicity, should be largely inhibited at very low metallicity (Castor et al. 1975) . As is quite typical for proto-stellar collapse in star formation, the collapsed core is endowed with a large amount of angular momentum at birth (Stacy et al. 2011) , which may affect its evolution in a number of ways (Hirschi et al. 2004a; Hirschi 2007; Heger & Woosley 2010; Chatzopoulos & Wheeler 2012; Yoon et al. 2012) . For example, by increasing the oxygen core mass, fast rotation can lower the minimum main-sequence mass needed to encounter the pairproduction instability (Chatzopoulos & Wheeler 2012) , thereby affecting the 56 Ni-mass to ejecta-mass ratio and the resulting PISN radiation properties (Dessart et al. 2012c) . High luminosity poses a severe strain on the hydrostatic equilibrium of stars (Joss et al. 1973) , especially near break-up rotation speeds (Maeder & Meynet 2000) , establishing ideal conditions for centrifugally-driven mass loss (a disk) and/or a continuum-driven wind (Owocki et al. 2004) . In this context, radiation-and/or rotation-driven mass loss may in fact compete with the episodic pulsations expected to occur in stars with a helium-core mass in the range 40-63 M⊙ (Heger & Woosley 2002; Woosley et al. 2007a) .
Currently, the most promising PISN candidate is SN2007bi (Gal-Yam et al. 2009; Young et al. 2010) , although this association raises several issues. The observations capture only the light-curve peak and beyond, making the explosion time uncertain, compromising the inference of the ejecta mass and 56 Ni mass. Furthermore, SN2007bi took place in an environment of 0.2-0.3 Z⊙; a hydrogen-deficient PISN at such a high metallicity seems difficult to accommodate with stellar evolution (Langer et al. 2007 ).
1 The nebular spectral analysis of Gal-Yam et al. (2009) suggests a large ejecta mass, i.e., much larger than in standard core-collapse SNe, but the accuracy of this inferrence does not unambiguously support a PISN -within the errors these masses are compatible with a progenitor that would not experience the pair-production instability.
The alternative core-collapse scenario of Moriya et al. (2010) for SN2007bi requires extreme properties, which may be acceptable given the scarcity of these events, but it is also in contradiction with the environmental metallicity. Their proposed model yields a 36 B (1B ≡ 1Bethe = 10 51 erg) ejecta kinetic energy, which, combined with the binding energy of the progenitor, requires the remarkable extraction of ∼ < 50% of the gravitational energy of a typical neutron star. Kasen & Bildsten (2010) and Kasen et al. (2011) have fueled this controversy further by obtaining equally satisfactory fits to the SN 2007bi bolometric light curve using either a magnetar model or a PISN model. In contrast, in a recent study based primarily on the simulations presented here (Dessart et al. 2012c) , we emphasized that PISN models systematically have red colors and narrow lines after light-curve peak -properties that are in strong contradiction with the observations of SN 2007bi. Dessart et al. (2012c) suggest that delayed energy injection, as from a magnetar, into a lower mass ejecta would be more amenable to producing both blue colors and broad emission lines typical of such superluminous SNe.
An independent problem with PISNe, if they were to be the first chemical nurseries in the Universe, is that their distinctive nucleosynthetic yields (Heger & Woosley 2002; Umeda & Nomoto 2002; Chieffi & Limongi 2004) are in apparent contradiction with those inferred from extremely metal poor stars (Cayrel et al. 2004; Cohen et al. 2008) . Such abundance studies suggest that the metals arose from "standard" core-collapse explosion of stars of moderate mass (Heger & Woosley 2010) , although a contrived scenario involving a combination of SN with strong fallback and highlyenergetic SNe was proposed by Nomoto et al. (2006) .
In this work, we perform a quantitative study of PISN explosions arising from RSG, BSG, and WR star progenitors, investigating their photometric and spectroscopic signatures, and documenting in more details the results presented by Kasen et al. (2011) and Pan et al. (2012a) . We allow for non-LTE at all times and include non-thermal processes, which are not just important for exciting helium atoms in SNe Ib (Lucy 1991) -they directly affect all species by driving level populations away from LTE. They also indirectly affect the thermodynamic state of the gas by channeling a fraction of the decay energy into excitation and ionization of ions and atoms rather than into heat. We compute the full timedependent radiative transfer within the non-LTE framework, allowing the computation of the spectral evolution from the photospheric to the nebular phase. Multi-band light curves are obtained by integrating the resulting spectra over specified bandpasses. This unique approach allows to compute light curves and spectra simultaneously and with the same level of complexity. It also allows us to start from physically-consistent ejecta resulting from stellar evolution and explosion modelling. This detailed study aims at providing the key spectroscopic signatures of the three possible types of PISN explosions, with the hope of identifying the critical signatures that would help lifting the ambiguities surrounding the association of PISNe with events like SN 2007bi (Dessart et al. 2012c ).
In the next section, we review the numerical setup for our calculations, including the pre-SN evolution from the main sequence (Sect. 2.1), the pair-instability explosion mechanism (Sect. 2.2), and the setup for the radiative-transfer calculations presented in this work (Sect. 2.3). We then describe the bolometric light curve of our PISN models, and compare them with those arising from "standard" core-collapse SN explosions of 15-25 M⊙ RSG, BSG, and WR stars evolved as single or binary stars (Sect. 3). In Sect. 4 we connect these light-curve properties to those at the photosphere. We then describe in detail the spectral evolution for each group of progenitors during the PISN photospheric and nebular phases (Sect. 5). We compare our simulations to PISN candidates SN 2007bi and SN 2006gy in Sect. 6 ; additional information, in particular the proposition that the SN 2007bi light curve is more compatible with magnetar power, can be found in Dessart et al. (2012c) . We finally advocate the potential use of PISN explosions as a diagnostic of the environmental metallicity in Sect. 7. We summarize our results and discuss their implications in Sect. 8. To limit the length of the main body of the paper, we provide additional results in an appendix (provided as online material only), covering in more detail the evolution of the ejecta properties (e.g., ionization state and optical depth; Appendix A), the atomic data and model atoms (Appendix B), and the dependency of our results on model atoms (Appendix C). We finally provide tabulated values for the luminosity and magnitudes for all time sequences (Appendix D).
PRE-SN EVOLUTION, EXPLOSION, AND MODEL SETUP
The work presented in this paper was produced in several independent steps. First, a large grid of massive-star progenitors was evolved from the main sequence until all models underwent collapse due to the pressure deficit following pair production. These simulations were then remapped into a 1D radiationhydrodynamical code, with allowance for (explosive) nuclear burning and radiation transport, and followed through the explosion phase for a few years. A detailed discussion of the results from these two steps will be presented in a separate paper (Waldman et al., in prep.) . Here, we focus on a subset of four PISN models from this large grid of models, and specifically arising from the explosion of a RSG star, two BSG stars, and a bare He core. This paper discusses the evolution of these ejecta and their radiation taking into account both non-LTE and time-dependent effects. In Sect. 2.1-2.2, we present briefly the first two steps and then present the setup for the radiative-transfer calculations in Sect. 2.3. Additional information is provided in the Appendix.
pre-SN evolution
Using the 1-D stellar-evolution code MESA (Paxton et al. 2011) , we perform calculations of super-massive stars from the mainsequence until the onset of the pair-production instability. We focus on progenitors with main-sequence masses between 160 and 230 M⊙, adopt a metallicity of 10 −4 Z⊙ and neglect rotation. In this paper, we focus on a small sample of PISN progenitors that synthesize a large amount of 56 Ni suitable to produce a superluminous SN. We thus ignore the less massive progenitors that encounter the pair-production instability but produce low explosion energies with a small 56 Ni mass (see, e.g., Kasen et al. 2011 ). We treat convection by the well known mixing length theory (MLT) using the Schwarzschild criterion and a mixing length parameter of 1.6, and ignore convective overshoot. During core hydrogen and helium burning the "basic" 8-species nuclear reaction network of MESA is used, including the following isotopes:
Mg. From the onset of core carbon burning, the nuclear reaction network is expanded. For the He100 model (see details below) the α-chain elements are added, while for the other models, in order to account for more nuclei that may manifest in the resulting spectra, we use a more elaborate nuclear reaction network provided with MESA. In addition to the α-chain elements, it includes the intermediate elements linking those through (α, p)(p, γ) reactions, namely: n, p, (see below and, e.g., Cox & Giuli 1968) .
A crucial ingredient in the models is mass-loss. Apart from the He100 model, which was evolved without mass loss, we use two standard mass-loss prescriptions that are functions of the effective temperature, T eff , of the stellar model. For cool stars, defined by T eff < 10 4 K, we use the formula of de Jager et al. (1988) , multiplied by the metallicity-dependent factor (Z/Z⊙) 0.5 (Kudritzki et al. 1987) . For hotter stars, we use the formula of Vink et al. (2001) , which contains a (Z/Z⊙) α metallicity dependence, where 0.64 < α < 0.69 depending on the effective temperature. Using these mass-loss prescriptions, the pair-instability is encountered when the star is a RSG. Our representative model for this scenario is R190. None of our models, evolved from the main sequence, lose enough mass to become a WR star, defined by X surface < 0.4 and T eff > 10 4 K. This is expected -at the low metallicity of 10 −4 Z⊙ adopted here, radiation-driven winds will be significantly inhibited during the object's life as an O star.
To allow for uncertainties in mass loss (as well as for gianteruptions, such as that associated with η Car, which are not covered by the above procedures), we perform additional simulations. To mimic the possibility of a stronger mass loss, we artificially truncate the hydrogen envelope of the RSG progenitor immediately before explosion, reducing the total mass and surface radius, and producing a BSG progenitor (models B190 and B210). To mimic an even greater mass-loss rate by means not understood today (although mass-transfer in a binary may be an option), we also evolve objects directly from a bare helium core (model He100). We summarize the properties for these four models in Table 1 . In our nomenclature, RX, BX, and HeX refer to explosions as RSG, BSG, and He (WR) stars, where X is the initial mass. The evolution is generally followed using MESA's hydrostatic mode. When an hydrodynamic instability is encountered, which occurs invariably at central carbon exhaustion, the code is automatically switched to the hydrodynamic mode, and the run is continued until 20 Ne is exhausted at the stellar center. At this time, before 16 O burning turns on, the profile is remapped into the 1D radiation hydrodynamical code V1D (Livne 1993) . We find that the nucleosynthetic outcome is insensitive to the remapping epoch between hydrodynamic instability and neon exhaustion, but does change for later remapping epochs, mainly due to differences in the reaction networks used in the two codes.
Our models typically reside on the main sequence for about 2.5 Myr, gradually cooling from an O-star of about 80,000 K and ∼ 10 R⊙, finally settling by the end of core helium burning, which lasts about 0.2-0.3 Myr, as a K-type supergiant of about 4300 K and 4000-5000 R⊙. Throughout its evolution, the luminosity of the star does not experience dramatic changes -it is 3-4×10 6 L⊙, on the ZAMS, gradually growing by about a factor of 1.5 towards the end of the main sequence, and remaining virtually constant through the rest of the evolution. The star burns hydrogen and helium in shells for a period on the order of 10 4 yr, while its core contracts, until carbon is ignited at the center at Tc ∼ 10 9 K, ρc ∼ 2× 10 4 g cm −3 . Since the carbon mass fraction is relatively low (on the order of 0.06) the energy release cannot prevent the continued contraction of the core. Central carbon is exhausted in less than a year. An hydrodynamic instability, which typically starts at Tc ∼ 1.2× 10 9 K and ρc ∼ 6×10 4 g cm −3 , then occurs and this is followed by central neon exhaustion that takes several hours to be achieved. At this stage Tc ∼ 2× 10 9 K and ρc ∼ 4×10 5 g cm −3 , while infalling velocities typically reach several 100 km s −1 . The main properties of the models at the onset of the hydrodynamic instability are given in Table 1 . We also show a Kippenhahn diagram for the RSG model R190 that illustrates the evolution of the internal structure and surface properties prior to the pair-production instability (Fig. 1) .
With our small grid, we thus cover the 3 different stellar types under which massive stars may explode, i.e., as RSG, BSG, or WR stars, resulting in explosions as SNe II-P, II-pec, and Ib/c. The only configuration not considered here is SN IIn, which could stem from interaction between consecutively ejected shells following pair instability pulses (Woosley et al. 2007b ). Table 2 . Summary of the main properties for the four hydrodynamical input models B190, R190, B210, and He100 explored in this study. All CMFGEN models are run assuming either local energy deposition, or non-local energy deposition (model name is then appended by "NL").
Model
Type 
Explosion
To model the explosion phase, we use a more extended reaction network, which in addition allows for (α, n) reactions up to calcium, for (n, γ) reactions up to nickel, and for the radioactive 9 K and ρc ∼ 10 6 g cm −3 , while the infall velocities reach several 1000 km s −1 . In the subsequent ∼ 10 s, central silicon is exhausted, and the implosion turns into an explosion. The central conditions reached at bounce depend on the mass of the model and the binding energy of the star, but are typically Tc ∼ 3.5-6× 10 9 K and ρc ∼ 2-6×10 6 g cm −3 . During this explosive-burning phase most of the energy is released by oxygen burning, and some by neon and carbon burning. For example, in our 190 M⊙ model, ∼ 40 M⊙ of fuel are burnt, split between 30 M⊙ of oxygen, 7 M⊙ of neon, and 4 M⊙ of carbon, with a total energy release of 44 B. This fuel is converted primarily into silicon (20 M⊙) and sulphur (13 M⊙), the remainder being argon (3 M⊙), calcium (2 M⊙) together with ∼ 3 M⊙ of 56 Ni. In contrast, our heavier model B210 burns about 70% more fuel, namely 50 M⊙ of oxygen, 9 M⊙ of neon, and 5 M⊙ of carbon, releasing in the process 75 B. This moderately increases the production of IMEs (23 M⊙ of silicon, 16 M⊙ of sulphur, 4 M⊙ of argon, and 3 M⊙ of calcium), but dramatically increases the 56 Ni production to 21 M⊙. The energy liberated through explosive burning causes a huge increase in the ejecta internal energy (in the form of radiation) and kinetic energy. As the envelope expands and cools, radiative pressure gradients accelerate the material to its asymptotic velocity on timescales of hours to days. The energy lost to unbind the star is considerable, on the order of 10 B in all PISN models. Asymptotically, the ejecta kinetic energy is 34.5 B for model B190, 33.2 B for model R190, 65.9 B for model B210, and 37.6 B for model He100 ( Table 2 ). The mass-weighted average velocity for each model is, in the same order, 4200, 4000, 6100, and 5500 km s −1 -this value can be used to infer a representative ejecta kinetic energy (that differs from the exact value by ∼ < 30%) of 23, 26, 54, and 30 B. , showing burning and convective regions, core sizes, mass, luminosity, radius and effective temperature as a function of the remaining time before the onset of the pair-production instability. The "luminosities" L H and L He correspond to the nuclearenergy generation rates associated with H and He burning -there is also a strong neutrino luminosity (not shown here). Convective mixing refers to convective regions per se, while non-convective mixing corresponds to regions where semi-convection, overshoot and/or thermohaline mixing occur. Table 3 . Summary of the chemical composition in ejecta models B190, R190, B210, and He100, immediately after explosive nucleosynthesis stops and prior to decay of unstable isotopes (specifically 56 Ni). We limit the table entries to H and He, CNO elements, the main IMEs, and finally Fe, Co, and Ni. The total mass of 56 Ni synthesized in the explosion is given in Table 2 . The top half of the table shows the cumulative yields, and the bottom half the mass fractions at the progenitor surface. The 56 Ni surface mass fraction is zero for all models. All models assume an original metallicity of 10 −4 Z ⊙ . Numbers in parenthesis correspond to powers of ten. Figure 2 . Illustration of the chemical stratification in velocity space (bottom axis) and in mass space (top axis) for the four models discussed in this study (B190: Top left; R190: Top right; B210: Bottom left; He100: Bottom right). The stratification shown is not that of the original models -rather we illustrate the models used as input for CMFGEN in which the composition gradients were softened (except for B210). For better visibility, we limit the range and thus do not show the outer (homogeneous) regions. We also only show a selection of important species, rather than all species included in the calculations.
The yields and the chemical stratification are described in Table 3 and Fig. 2 . Although PISNe are thermonuclear explosions, the bulk of the burning takes place in the inner envelope of the progenitor, yielding a chemical stratification more reminiscent of core-collapse Type Ic SNe: The 56 Ni is produced at the base of the ejecta, remains confined to the lowest expanding material with velocities less than 4000 km s −1 (Fig. 2) , and the decay energy has to diffuse from there through the overlying mass to influence the outer ejecta and the light curve.
The density profiles for each model, at the start of the radiative-transfer simulations, are shown in Fig. 3 . We stitch an outer density region to all models to ensure an optically-thin outer boundary. With this procedure, the outer ejecta velocity for each model is 42000 km s −1 (B190), 24000 km s −1 (R190), 50000 km s −1 (B210), and 52000 km s −1 (He100). The structure for model He100 is quite smooth, with a density exponent of ∼ 8 beyond 5000 km s −1 . There is a fair amount of structure in the density profiles for the BSG models and even more so in the RSG model, in part associated with the formation and propagation of reverse shocks at shell interfaces and exacerbated by the 1-D treatment.
Hydrodynamical instabilities in PISNe have been investigated by Joggerst & Whalen (2011) . They find that mixing in Pop III 150-250 M⊙ SNe explosions is negligible compared to that obtained in 15-40 M⊙ Pop II counterparts, although their investigation does not contain H-deficient compact progenitors and they treat nuclear burning through an initial phase performed in 1D. More recently, Chen et al. (2012) have repeated such simulations and found that the treatment of nuclear burning in multi-D can enhance the level of mixing significantly. Since this issue is not settled, we decided to soften the composition discontinuities by mixing over adjacent mass shells, producing a mild smearing of the (high-resolution) 1D input structures produced by1d. This is done more as a convenience than aimed at describing the physical effect of mixing seen in multi-D simulations. The chemical stratification of the models used as input to CMFGEN is shown in Fig. 2 . Based on the present work, we however anticipate that mixing will not significantly alter the observables we describe here. Non-local energy deposition at very late times partly mimics the effect of mixing since γ-rays are then able to travel from their deeply located emission site in the ejecta to the O-rich, the He-rich, and possibly the H-rich outer ejecta (Sect. 5.4).
Radiative-transfer calculations
Apart from the different hydrodynamic inputs, the numerical procedure adopted in this work on PISN radiative-transfer simulations is the same as that employed previously for the simulations of SN II-peculiar and in particular SN 1987A (Dessart & Hillier 2010; Li et al. 2012) , SNe II-Plateau (Dessart & Hillier 2011a) , SNe IIb/Ib/Ic (Dessart et al. 2011 (Dessart et al. , 2012b . have recently given a full description of the code CMFGEN for SN applications, detailing the important components for the radiative transfer in SN ejecta. Since the code can naturally handle a wide range of composition mixtures (all important elements up to Nickel can be treated), the extension to treat PISN ejecta requires no specific adjustment compared to the modeling of standard CCSNe or SNe Ia.
We perform time-dependent simulations for the full ejecta at all times, and start by re-mapping the ejecta chemical stratification and structure (radius, density, temperature) computed witȟ 1d once homologous expansion is reached. In practice, we start the He100 model at 10.5 d, the B190 model at 15.2 d, the B210 model at 15.3 d, and the R190 model at 33.4 d after explosion. This time increases with progenitor radius because for larger stars, the corresponding ejecta takes longer to significantly expand beyond its original spatial extent.
2 Given the long duration of the highbrightness phase for these events and the low early SN luminosity for the BSG and WR star explosions, starting this late is not a 2 In the RSG explosion model R190, the helium-rich shell, near 4000 km s −1 , and sandwiched between the inner O-rich shell and the outer extended H-rich envelope has still not settled into homology. Here, enforcing homology leads to an artificial increase in velocity (and hence in radius) for the corresponding layer, producing a higher ejecta mass by 7%. The CM-FGEN model R190 is then in fact 176 M ⊙ . The BSG and He models are not affected by this issue. strong limitation here. For a description of the shock breakout and early light-curve signatures, the reader should consult Kasen et al. (2011) or Waldman et al. (in prep.) .
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While the 1D Lagrangian hydrodynamical model computed with1d contains about 2000 mass shells, the radiative transfer calculations are performed with a much smaller number of depth points. The critical scale to resolve is not mass but optical depth and we find that we obtain converged results with typically 5-7 points per optical-depth decade (Dessart & Hillier 2010) . In these PISN simulations, we use a fixed number of 150 depth points at all times, providing a satisfactory resolution of ∼ 100 km s −1 near the base of the ejecta, decreasing to ∼ 1000 km s −1 at the fast-expanding outer edge.
The bulk of the ejecta is located at high optical depth at early times and its base remains optically-thick until 200-300 d after bolometric maximum. However, for consistency and simplicity, we treat the entire ejecta in non-LTE at all times. This is not optimal in terms of memory requirements, but it turns out that the optically thick layers are close to LTE and converge very fast. It also allows us to smoothly handle the phase when the ejecta starts to thin out in the continuum -when this occurs some spectral regions may still be thick (e.g., in the UV where many lines overlap, blanket efficiently the radiation, and drive the photons towards a blackbody distribution locally) while other spectral regions are already transparent (e.g., in the IR where the distribution of line opacity is more sparse). In general, numerous lines will remain optically thick for weeks after the continuum has become optically thin. Because we model the full ejecta, we adopt a zero-flux inner boundary.
We explicitly treat non-thermal processes associated with radiatioactive decay. This is particularly important given the large mass of 56 Ni (we only consider the decay of 56 Ni and 56 Co in this study) and the low ionization conditions we obtain in PISN ejecta. Through a solution of the Spencer-Fano equation (Spencer & Fano 1954) , we compute the contributions to non-thermal excitation and ionization for all elements as well as the contribution to heating, and incorporate this in the non-LTE rate equations and the energy equation. A detailed presentation and application of this non-thermal treatment is given by Li et al. (2012) ; Dessart et al. (2012b) . For the computation of non-thermal rates, we proceed by injecting all the decay energy as high-energy electrons of 2 keV and solve for the electron-degradation function at 2000 linearly-spaced energy bins down to 1 eV. At each of the 150 ejecta depth points, we construct and solve an upper diagonal matrix of 2000x2000, which is trivial, but does require up to 30 minutes in these PISN simulations. We reduce the computational burden of our non-thermal solver by considering in the computation only the most important ions of each species. As the electron density is the main quantity modulating the magnitude of non-thermal processes in a given calculation, and since it varies slowly between consecutive iterations, we recompute the non-thermal electron-degradation function every ten iterations. With this procedure, the treatment of non-thermal processes increases the total computational time of a model typically by a few percent.
The γ-ray escape from the ejecta is minute for all times considered here, but the huge scale and mass of the ejecta combined Figure 4 . Synthetic bolometric light curves extracted from our non-LTE time-dependent CMFGEN simulations. Shown are our results for the PISN simulations discussed in this work: B190 (black), R190 (blue), B210 (turquoise), and He100ionINL (red). To better reveal the extraordinary properties of these PISN models, we also show our recent results for a "standard" SN II-P (olive; evolved at solar metallicity from a single 15 M ⊙ main-sequence star; model s15e12 of Dessart & Hillier 2011a), a "standard" II-pec (orange; evolved at the LMC metallicity from a single 18 M ⊙ main-sequence star; model "lm18a7Ad" of Dessart & Hillier 2010), a "standard" IIb SN (green; evolved at solar metallicity from a binary 18 M ⊙ main-sequence star; model 365A2 of Dessart et al., in prep) , and a SN Ia produced by the delayed-detonation in a Chandrasekhar-mass white dwarf with 0.67 M ⊙ of 56 Ni (magenta; Dessart et al., in prep) . In these last two models, γ-ray transport is solved for, predicting the fast decline rate during the nebular phase through γ-ray escape. Here, we use the term "standard" to stress that such II-P, II-pec, and IIb models match closely the bolometric light curve for the representative SN of each type observed routinely in the local Universe. Although B190(NL) and B210(NL) correspond spectroscopically to a SN II-pec, R190(NL) to a SN II-P, and He100(NL)/He100ionI(NL) to a SN Ic, their photometric properties are obviously extraordinary. For each sequence, small filled circles indicate the actual post-explosion times at which the computations are performed. For reference, we give the bolometric magnitude on the right-hand-side ordinate axis.
with the increasing γ-ray mean free path leads to non-local energy deposition within the ejecta. We find that this effect leads to the appearance or strengthening of H I or He I lines at nebular times, and more generally tends to cause the broadening of line profiles with time as the SN progresses into the nebular phase. Hence, we typically adopt local energy deposition up to 200 d after explosion and employ a γ-ray transport code ) to compute the non-local energy-deposition profile subsequently. The energy deposition from γ-rays is calculated once at the start of the simulation since it depends only on density, radius, time, and composition (i.e., quantities that are not affected by the radiative-transfer solution or the ionization state of the gas) of the ejecta. Hence, CMFGEN models are run assuming either local energy deposition, or non-local energy deposition (model name is then appended by "NL", e.g., models R190 and R190NL).
The model atoms adopted for all simulations in this work are comparable to that used in Dessart & Hillier (2011a) and are presented in the appendix, in Table B1 , together with the relevant references. Not all simulations were performed at the same time and not all have the same model atoms. Simulations B190, R190, B210, and He100 were performed first, ran with the same model atoms, and neglected the neutral ions Mg I, Si I, S I, and Ca I. We added these in the second-generation simulation He100ionI. We in fact use that simulation to compare to observations of the Type Ic SN 2007bi, as well as to gauge the blanketing effects from these neutral species. As we discuss in Appendix C, they have a significant influence on the spectra and colors, but hardly influence the bolometric light curve. Hence, most properties of model He100 apply to model He100ionI; when these differences are significant, we specifically address them.
The completeness of the model atoms is always an issue in our approach since we cannot blindly incorporate millions of lines from an extended list. Our line opacity enters the computations through the specific treatment of atomic/ionic levels and so we have to compromise between completeness and tractability. Each of the four simulations we present here requires about 40 steps each taking about 3 days on 12 cores. The memory is mostly taken by the matrix to invert (Hillier & Miller 1998; , which contains all the terms from the linearized statistical and radiative equilibrium equations. The total memory allocated is typi-cally N T 2 × (N bands + 1) × N D where N T is the total number of equations (variables), N bands is 1 (3) for a diagonal (tridiagonal) operator, and N D is the number of depth points. We typically use N T = 2000 (as in Table B1 ), N bands = 1, and N D = 150, corresponding to a memory of 2000 2 × 2 × 150 × 8 ∼ 9.6 Gb. Radiative-transfer simulations for PISNe have been performed in the past. Scannapieco et al. (2003 Scannapieco et al. ( , 2005 focused on RSG star progenitors giving rise to SNe II-P, with approximations for the transfer such as flux-limited diffusion and blackbody spectra. Their bolometric light curves should therefore be accurate but their spectral colors are uncertain. Gal-Yam et al. (2009) performed similar simulations but focusing on a range of He cores and explosion characteristics to model the observations of SN 2007bi (they model the light curve and one nebular-phase spectrum). As we discuss in Dessart et al. (2012c) , non-LTE line-blanketed simulations of PISN ejecta (which we present in detail in this work) yield a suitable match to the SN 2007bi light curve, but are in conflict with numerous observed spectral characteristics of SN 2007bi. Kasen et al. (2011) did an extended study of PISN light curves, including RSG, BSG, and WR star progenitors. As in our grid of models, they do not have a well motivated mechanism for predicting PISN explosions from BSG or WR stars so the final masses and stellar types at death remain rather speculative and thus represent exploratory material. With their radiative transfer, they considered both the multiband light curves and spectra, highlighting for example the striking dependency on metallicity or the signatures for shock breakout, but their assumption of LTE for the gas, their approximate treatment of line opacity, and their focus on early-time photospheric-phase spectra limit the applicability of their models for confrontation to observations of PISNe candidates like SN 2007bi. This SN, like most superluminous events today, are still discovered at or beyond the peak of the LC, expected to occur weeks to months after explosion. At this phase, the SN ejecta has considerably expanded and starts becoming optically thin in the continuum, while the potential presence of a large amount of IGE may maintain a high optical depth in lines for many months still. This configuration requires a detailed non-LTE line-blanketed treatment, which we adopt here.
The radiative-transfer calculations performed with CMFGEN yield the level populations, electron density, and temperature as a function of depth and time. Summing over level populations gives the ion and atom populations as well as the ionization state of the gas. Concurrently, the properties of the radiation field are computed as a function of depth, frequency, and angle. In the next sections, we describe both the gas and the radiation properties, in an attempt to identify the photospheric-phase and nebular-phase signatures of PISNe. In the next section, we start by discussing the bolometric light-curve properties.
LIGHT CURVE EVOLUTION
One important output of CMFGEN is the emergent spectrum in the observer's frame. By integrating this flux over frequency at each time step, we recover the bolometric light curve. We show the synthetic bolometric luminosity for PISN models B190, R190, B210, and He100ionINL in Fig. 4 . The fundamental signatures of these PISN models is the very long duration of the high-brightness phase, typically of a few hundred days, reaching peak luminosities on the order of 10 10 L⊙ at 150-200 d after explosion. Specifically, we find a bolometric maximum at 196, 220, 177, and 156 d for models B190, R190, B210, and He100ionINL. In the same order, the bolometric maximum luminosities are 4.4×10 9 , 6.3×10 9 , 3.0×10 10 , and 8.8×10 9 L⊙. Allowing for non-local energy deposition changes these values by a few percent over this timespan. In the lower mass model He100ionINL, γ-ray escape starts being visible at ∼ 500 d after explosion, introducing a slight downward tilt of the fading rate below 0.01 mag d −1 , while for all other models (with an ejecta mass in the range 130-160 M⊙), full γ-ray trapping holds exactly. Note that PISN explosions may not systematically be super-energetic and superluminous (Kasen et al. 2011 ), but our set of models was selected to be so, with kinetic energies of a few tens of B and nucleosynthetic yields including a few M⊙ of 56 Ni. The morphology of these light curves is analogous to the SNe we observe in the local Universe: the Type II-Plateau class (R190), arising from a RSG progenitor (Falk & Arnett 1977) , the Type II-pec class (B190 and B210) arising from a BSG progenitor (Arnett et al. 1989) , and the Type Ib/c class (He100) arising from a WR star progenitor (Ensman & Woosley 1988; Dessart et al. 2011 Dessart et al. , 2012b .
The anomalously large initial radius and kinetic energy of model R190 yields a "plateau" brightness over 10 times more luminous than obtained in the SN II-P model resulting from a 1.2 B 15 M⊙ RSG progenitor (olive curve; model taken from Dessart & Hillier 2011a ). The 2.63 M⊙ of 56 Ni originally made in the explosion causes a strong re-brightening at 200 d after explosion, following the recession of the photosphere to deeper layers and the outward migration of a heat wave powered by 56 Co decay. This hump is never seen in SNe II-P produced from lower mass RSG progenitors because they produce too little 56 Ni in their explosion. Beyond 350 d, model R190 radiates at the instantaneous rate of decay energy deposition, even when allowance for γ-ray escape is made. The ejecta remains optically thick to γ-rays throughout the evolution modeled here, so that γ-rays may escape from the original site of emission but are eventually trapped somewhere else in the ejecta.
4
The light curve morphology for model B190 and B210 is explained in the same terms as for standard SNe II-pec like SN 1987A (Blinnikov et al. 2000; Dessart & Hillier 2010; Li et al. 2012) . However, as for R190, the light curve is much brighter and broader than for a standard II-pec model (orange; model evolved at the LMC metallicity from a rotating single 18 M⊙ main-sequence star; Dessart & Hillier 2010; Li et al. 2012) . The luminosity falloff after shock breakout is much more gradual and extended and the onset of re-brightening, due to heating by radioactive decay, occurs later at about 50 d after explosion. The bright peak is much bigger due to the larger mass, optical depth, and hence diffusion time of the corresponding ejecta. In model B210, which synthesized 21.3 M⊙ of 56 Ni, the peak luminosity is 10 44 erg s −1 -∼ 7 times larger than in model B190 which synthesized only ∼ 3 M⊙ of 56 Ni. As in model R190, the larger ejecta mass prevents the rapid luminosity evolution seen in lower mass Type II SNe.
The light curve morphology for model He100ionI (and He100; see Appendix C) is typical of a Type I CCSN, with a faint post-breakout plateau, followed by a steep rise due to decay heating at depth. The strong re-brightening starts ∼ 30 d after explosion in this model, thus significantly later than in SNe IIb/Ib/Ic models (Ensman & Woosley 1988; Dessart et al. 2011 ). Provided mixing is Figure 5 . Evolution of properties at the electron-scattering photosphere, and specifically the radius (black; in units of 10 16 cm), the velocity (blue; in units of 10000 km s −1 ), the temperature (red; in units of 10000 K), and the overlying mass (normalized to the total ejecta mass; green) for model B190 (top left), R190 (top right), B210 (bottom left), and He100 (bottom right). The dots correspond to the actual times computed with CMFGEN. All ejecta models are optically-thin to electron scattering at ∼ > 550 d (see Tables A1-A4). weak in these PISNe (Joggerst & Whalen 2011 ; but see Chen et al. 2012) , the rise to peak should not start much earlier than obtained here (Dessart et al. 2012b) . As for models B190 and B210, the peak of the light curve is broad and luminous and qualitatively analogous between all three models. Although B190 and B210 correspond to a SN II-pec, R190 to a SN II-P, and He100ionI/He100 to a SN Ic, their photometric properties are obviously special and it makes sense to retain the PISN calling for these models.
Figure 4 comprises all the SN types studied so far with CMF-GEN, and thus includes PISNe, SNe II-P, SNe II-pec, and SN Ib/c. To complete the set, we add results from on-going SNe Ia simulations for a delayed detonation in a Chandrasekhar-mass white dwarf synthesizing 0.67 M⊙ of 56 Ni (Dessart et al., in prep) . In terms of peak brightness, such a SN Ia rivals luminous PISNe but its much lower mass prevents a sustained luminosity beyond ∼ 30 d after explosion.
PHOTOSPHERIC PROPERTIES
As can be seen in Fig. 5 , the photospheric 5 temperature is rather low in all models at all times, although a higher temperature is found for the R190 model because it starts from a much more extended configuration that dwarfs cooling from expansion (associated with the P dV term in the energy equation; Dessart & Hillier 2011a) . Since the photosphere is rather cool, PISN ejecta achieve a tremendous luminosity by remaining optically thick out to large distances -the maximum photospheric radii in models R190 and B210 exceed 10 16 cm, while the maximum photospheric radii for B190 and He100 reach 5 × 10 15 cm. These radii are typically ten times larger than predicted for SNe resulting from the explosion of lower-mass massive stars, whatever their type Dessart & Hillier 2010 , 2011a Dessart et al. 2011 ). (bottom left), and He100 (bottom right). 56 Ni 0 refers to the sum of the mass fractions for the 56 Ni-decay products (it thus corresponds to the initial 56 Ni mass fraction in the corresponding mass shell). Most simulations have a short photosphere residence time in the H-rich envelope (B190 and B210), or none at all for He100 in which the compact and H-deficient progenitor produces a photosphere in the O-rich shell up to 200 d. In model R190, up to 250 d is spent in the H-rich extended progenitor envelope, but by the time the photosphere reaches its base, the He-rich and O-rich shells are fully recombined and transparent so the photosphere moves directly into the Si/S/IGE-rich inner ejecta.
Beyond 50 d after explosion, and thus well before the lightcurve peak for all models, the photosphere is at the recombination temperature for the dominant ion (H, C, or O), which happen to have a similar ionization potential of 11-14 eV, and is on the order of 5000-6000 K. We thus expect red colors and spectra dominated by neutral and once-and twice-ionized ions (Appendix A & Fig. A1 ).
As the evolution proceeds the photosphere generally migrates to deeper layers -this is best seen by looking at the photospheric velocity, or the mass that lies above the photosphere (Fig. 5) . The speed of recession is connected to the ability of the SN to remain hot and ionized because free electrons can contribute significantly to the opacity at the photosphere through electron scattering. Model R190 shows a slow progression of the photosphere inwards initially, which remains in the outer 1% of the ejecta (in mass coordinate), before showing a prompt recession at the end of the plateau phase at ∼ 230 d when it enters the core (this phase could have been better resolved with our simulations). The photosphere then crosses 60% of the ejecta mass in about 10 d as the ejecta becomes thin, essentially crossing the entire O-rich shell. In models B190 and He100, the recession to deeper layers is fast early on and slows down as the decay heating becomes effective, halting temporarily the photospheric recession. In B210 the heat wave is so fierce that it makes the photosphere move outward through ∼ 27 M⊙ of ejecta material between days 50 and 100 (Fig. 5) . As a consequence of this phenomenon the photospheric velocity does not vary monotonically.
The migration of the photosphere to deeper layers leads to the complete probing of the ejecta, from the progenitor surface to its core, over a time span of about 300 d. Because of the large ejecta mass and the presence of shells of distinct composition, exacerbated by the low-primordial metallicity, this migration reveals an unprecedented chemical evolution at the photosphere (Fig. 6 ).
The enormous energy of a few tens of B released through burning (Sect. 2.2) is compensated in PISN explosions by the huge ejecta mass. This is largely independent of the mass loss prescription since the pair-production instability can only occur if the core mass is greater than ∼ 60 M⊙ (Heger & Woosley 2002) . No matter what, the ejecta mass will be huge, well above that of any CCSN progenitor identified or inferred so far. A representative ejecta velocity is vrep ≡ 2E/M ∼ 3200 E1/M10 km s −1 , where E1 is the kinetic energy in units of B and M10 is the ejecta mass in units of 10 M⊙. A typical value for a RSG or BSG explosion in the local Universe is E1 = 1 and M10 = 1, i.e., vrep ∼ 3200 km s −1 . Tables D1-D4 . In each sequence, we obtain slight kinks in the magnitudes (especially in bands U, J, H, and K, where little flux is emitted) that do not occur in bolometric luminosity. These are tracked down to changes in parameters at the corresponding time, e.g., as the medium turns optically thin (switch to nebular inner boundary), change in SL assignment (split the lower 5 to splitting the lower 10 levels for all ions), or change in model atoms (e.g., switch to a big Fe I model atom). While these glitches are not physical, the ejecta relax to the new proper solution at the next time step.
For our PISN models, the increase in explosion energy more than compensates for the increase in ejecta mass and we have vrep ∼ 5000 km s −1 , comparable to SNe Ib/c (Dessart et al. 2011 ) from intermediate-mass binary stars, but a factor of two lower than in a Chandrasekhar-mass white-dwarf explosion. Although both PISN and SN Ia are thermonuclear explosions, the bulk of the burning takes place in the inner envelope in a PISN, yielding a chemical stratification more typical of core-collapse Type Ic SNe: The 56 Ni is produced at the base of the ejecta, remains confined to the lowest expanding material with velocities less than 4000 km s −1 (Fig. 2) , and the decay energy has to diffuse from there through the overlying buffer of mass to influence the outer ejecta and the light curve.
The various properties described above for the bolometric luminosity and the photospheric properties assist the interpretation of the multi-band light-curves presented in Fig. 7 . All models reach absolute visual magnitudes on the order of −20 to −22 mag. Model R190 exhibits a quasi-plateau in the V band, together with a hump at 250 d caused by decay heating. The higher photospheric temperature makes the spectral-energy distribution (SED) peak short-ward of the Balmer jump for about two months following explosion. This evolution is typical of RSG explosions, with the magnitudes dropping fast in the blue but leveling for a long time in the red. After the secondary bolometric peak, all magnitudes become fainter with time, but continue to ebb faster in the blue. The evolution of colors for models B190, B210, and He100 are very different from model R190 at early times. The fading after shock emergence is more obvious, and so is the re-brightening as the heat wave reaches the receding photosphere. The colors become bluer on the rise to peak before fading again as the ejecta becomes thin. This fading is again faster in the blue.
An important feature of these multi-band light curves is that the colors are systematically red after the peak of the light curve. Figure 8 illustrates this color evolution for model He100ionI, which is representative of BSG/WR star progenitors models at all timesfor RSG star progenitor models, this similarity holds for a few 100 d after explosion and beyond. Before the peak, all models from BSG and WR star explosions are getting bluer: This is because the photosphere is getting hotter due to the heating from decay at depth but without the "reddening" effects associated with high metal content at the photosphere (the photosphere still lies outside of these metal rich layers before the peak). The switch from red to blue and back to red as the SN evolves from the re-brightening to the peak, and eventually fading into the nebular phase is a distinctive signature of 56 Ni powered PISNe. This trend is somewhat similar to SNe Ia, with an additional re-hardening of the spectrum as the ejecta turn c 2012 RAS, MNRAS 000, 1-36 transparent. We will return to this issue when comparing our PISN models to the observations of SN 2007bi (Sect. 6.1).
SPECTRAL EVOLUTION: GENERAL PROPERTIES
From the preceding sections, we see that the four PISN models B190, R190, B210, and He100 show significant differences in their light curves (peak brightness, time to peak, presence or not of a post-breakout plateau), which are easily connected to the fundamental differences between the progenitors. We also expect the early spectra to differ significantly between models because of the differences between the progenitor envelopes. However, despite the different mass loss histories these models have similar supermassive helium cores and systematically produce large amounts of IMEs and IGEs from O burning (Sect. 2.1-2.2). Consequently, we expect the nebular phase properties to be rather similar due to the similarities of the progenitor cores. Thus we describe the spectral evolution during the photospheric phase for each progenitor type separately (RSG, BSG, WR) before grouping them to discuss their nebular-phase properties.
All our PISN models have a very large oxygen mass (39.6 to 48.1 M⊙). However, as a consequence of the large ionization energy (13.6 eV) and the cool photospheric temperatures, O lines generally only have a weak direct influence on the spectra. The only exceptions are [O I] 6303-6363Å, which is seen in nebular-phase spectra, and a few lines of O I which weakly influence the early photospheric spectra of He100.
Initially all models present a true continuum in the opticalthat is the observed spectra consist of (broad) lines superimposed on an underlying background which is formed via continuum (i.e., bound-free and free-free) processes. However, eventually the photosphere recedes into layers where IMEs (primarily Si and S) dominate the composition of the ejecta. At this, and later times, the true continuum flux weakens and then disappears. However, before the true nebular phase, a pseudo continuum, not generated by true continuum processes, continues to be seen. It is generated by the huge number of lines associated first with IMEs and later on with IGEs. In some cases this allows, for as long as 500-600 d, the formation of P-Cygni profiles associated with line transitions from ions present in overlying mass shells.
Spectral evolution during the photospheric phase of PISN model R190
The large progenitor radius (∼ 4000 R⊙) and explosion energy (33.2 B) for model R190 yield a SN which is photometrically (Fig. 4) and spectroscopically ( Fig. 9 ) similar to a superluminous SN II-P. At early times, the outer ejecta and photospheric layers remain fully ionized ( Fig. 5 ; Table A2 ) producing a blue continuum (red curve in the montage of Fig. 9 ). The relative high velocity and steep density profile of the photospheric layers (Fig. 3) yield broad but weak P-Cygni profiles (Dessart & Hillier 2005b; ). At such times, the photosphere reside in the outer 1% of the ejecta mass, which is essentially pure hydrogen and helium (the metallicity is 10 −4 Z⊙). Consequently, we find only H I Balmer lines and a weak He I 5875Å. These are in fact typical spectral signatures of early-time SNe II-P (Pastorello et al. 2006; Quimby et al. 2007; ), but there are some critical differences. To facilitate the analysis and line identifications we overplot in Fig. 9 (right panel) the synthetic spectra computed by omitting a given species.
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As the ejecta expands helium quickly becomes neutral -the inefficient mixing of 56 Ni from greater depths prevent any nonthermal effects at the photosphere (Dessart et al. 2012b ) at these times in these PISN models. The adopted metallicity of 10 −4 Z⊙ impacts all species other than hydrogen and helium so that CNO, IMEs, and IGEs have little (direct) influence on the spectrum -up to 200 d after explosion, we can only see (identify) H I Balmer lines. As the ejecta evolve, we do not see the appearance of Fe II lines, Ca II H&K or Ca II triplet at 8500Å that are usually associated with Type II-P spectra.
The lack of metals in the Hydrogen-rich envelope completely quenches the effect of line blanketing. As can be seen in Fig. 9 , the continuum (red curve) follows closely the total synthetic flux, except over spectral regions where the H I Balmer lines reside. However, by 200 d, a pseudo-continuum is visible in the full spectrum -a large number of lines, with no noticeable signature in the full spectrum, are contributing to the total flux, even in regions apparently devoid of lines. At this time, the spectral formation region is receding into layers containing IMEs. However, the photosphere is so cold that the emergence of line blanketing on the very weak flux short ward of 4000Å is difficult to see. By 300 d after explosion, the spectrum has retained a similar color to that at 200 d. However, the pseudo-continuum is no longer produced by genuine continuum processes (the red curve is down at zero flux) but instead by line opacity from Fe II. By 400 d, the main ion contributing to this background line-opacity switches from Fe II to Fe I and produces an even redder pseudo-continuum (red and green curves in Fig. 9, right panel) . By 600 d after explosion, the spectrum has visibly turned nebular.
In Fig. 10 (left panel), we illustrate the contrast between the spectrum from the explosion of a 15 M⊙ RSG progenitor at solar metallicity (model s15e12; Dessart & Hillier 2011a) and that from the R190 model at 10 −4 Z⊙. The line profiles are broader in the Figure 9 . Left: Montage of synthetic spectra for the RSG model R190NL, showing the full spectrum (black) as well as the contribution from continuum processes only (i.e., bound-free and free-free processes; red). For completeness, we include an inset for the R190NL bolometric light curve. The emergent flux, scaled for better visibility (see inset for the absolute bolometric flux scale), is computed with CMFGEN by simulating the time-dependent non-LTE transport for the full ejecta from 36 until 1000 d after explosions. The sequence thus covers from times when the ejecta is optical thick until times when it is optically thin and nebular-line emission is strong. Right: Same as left, but we now overplot the corresponding spectra obtained by neglecting an ion (see color coding and labels at top-right). We illustrate the effect for ions that have a large impact on synthetic spectra. PISN model, but the contrast with the low-mass SN II-P model is small due to the modest increase in E/M . Although the colors and H I Balmer lines appear similar, metals visibly affect the low-mass SN II-P spectrum in the UV (strong line blanketing) and optical (weaker blanketing, primarily due to Fe II, Ti II, and Sc II) but have little effect on the PISN spectrum. This makes Hβ easily recognized as a P-Cygni profile in the PISN spectrum while in the solar-metallicity spectrum, Hβ overlaps with numerous metal lines (e.g., Fe II), and appears only as an absorption feature. A similar effect was discussed by Kasen et al. (2011) . Such RSG explosions in the early Universe could be used to constrain the environmental metallicity (or set an upper limit on the metallicity in case no metal lines are seen), either by means of the reduced blanketing in the UV or the weakness of metal lines (e.g. Fe, Ca) in the optical (see also Fig. 9 of Dessart & Hillier 2005b ). The absence of Ca II lines at the recombination epoch is a unique feature of model R190, never seen in SNe II-P models, and never yet observed in SNe II-P. The Doppler velocity at maximum absorption in the broad H I Balmer lines tracks closely the decreasing photospheric velocity, although weaker Balmer lines from higher up in the series may underestimate it ( Fig. 11 ; left column). This apparently peculiar finding is well explained by the line formation process in the homologously expanding ejecta of SNe (Dessart & Hillier 2005a ). Non-LTE and time-dependent effects also contribute to maintain a significant line optical depth at large velocities, producing persistent, strong and broad lines for Hα and Hβ (Utrobin & Chugai 2005; .
Spectral evolution during the photospheric phase of PISN models B190 and B210
The spectral evolution of model B190 and B210 reflects the typical explosions from BSG stars, objects characterized here by a surface radius of 186 and 146 R⊙ (Figs. 12-13 ). As for model R190, the large explosion energies of 34.5 and 65.9 B, respectively, produce high representative ejecta velocities of ∼ 5100 km s −1 and 6800 km s −1 , well in excess of the value of 2800 km s −1 inferred for SN 1987A (Arnett et al. 1989) . At early times, the spectral evolution for these two models is qualitatively similar to the SN II-pec model of Dessart & Hillier (2010) ; Li et al. (2012) and the observations of SN 1987A.
Up to the phase of re-brightening (∼ 50 d), the optical spectra are comparable to those of model R190 at the recombination epoch and are composed exclusively of H I Balmer lines. The lack of metals in the primordial gas, and the absence of mixing into the outer ejecta layers by enriched material (arising from steady or explosive burning), prevents any line blanketing in the UV or the optical. However, the smaller initial radius causes a much stronger cooling due to expansion, which induces early recombination at the photosphere and a fast recession of the photosphere (Fig. 6) . While it took ∼ 250 d to reach the helium core in model R190, the photosphere recedes to the base of the He-rich shell as early as ∼ 50 d after explosion in models B190 and B210. As seen before for model R190, this corresponds to the appearance of new lines (from O I or Ca II) and the onset of line-blanketing effects, at this time primarily from IMEs.
The photosphere recession to the helium core quenches the emission in Hα and other Balmer lines -a consequence of the small O(0.1) hydrogen mass fraction in the he-rich shell and the lack of non-local γ-ray energy deposition into the H-rich envelope at such early times.
In model B210, the larger 56 Ni mass causes a reversal of the photosphere, which moves back into the helium shell, but in model B190, decay heating merely stalls the recombination wave halfway through the ejecta (in mass), within the O-rich shell. It is around the light curve peak and beyond that the decoupling layers for the radiation recede to the IGE-rich layers, causing the appearance of iron line blanketing at ∼ 200 d after explosion. In the right panel of Fig. 10 , we show a comparison, at the recombination epoch, for models B190 at 30 d after explosion and the SN II-pec model of Dessart & Hillier (2010) at 15 d after explosion. As for the R190/s15e12 comparison, the PISN models B190 and B210 have systematically broader Balmer lines and lack the strong lines from Ca II, Na I, Sc II, and Fe II, present in the "lm18a7Ad" model at LMC metallicity. At such epochs these theoretical BSG explosions are relatively faint, and would be more difficult to detect than the much brighter R190 model.
For models B190/B210, the Doppler velocity at maximum absorption in the H I Balmer line is initially large, and declines as the photosphere recedes inward through the H-rich envelope ( Fig. 11 ; right column, shown only for model B210). The decline is much more rapid than in R190, since the time scale for the photosphere to pass through the lower-mass H-rich envelope is ∼ 50 d, much less than the ∼ 250 d for model R190. In models B190/B210, the H I Balmer lines present a maximum absorption at a Doppler velocity that strongly overestimates (by a factor of ∼ 2) the photospheric velocity at early times -the same effect is seen in SN 1987A (Dessart & Hillier 2010) . However, as the model re-brightens and its photosphere leaves the H-rich envelope, the maximum absorption of the H I Balmer lines track a unique Doppler velocity, which corresponds to the velocity at the base of the hydrogen envelope.
Spectral evolution during the photospheric phase of PISN model He100
In this section, we describe the spectral evolution of a PISN arising from a WR progenitor using model He100ionI, which differs from model He100 by the treatment of additional neutral ions found to be important (Mg I, Si I, S I, and Ca I). We discuss specific differences between He100 and He100ionI in Appendix C, which are essentially confined to the colors in the first few weeks following explosion, and additional line features and blanketing. At the start of the simulation, the He100ionI and He100 models are at 10.5 d after explosion and the photosphere has already receded to the base of the ∼ 8 M⊙ He-rich outer shell (Fig. 6) at ∼ 9000 km s −1 (Fig. 5) . The composition is still He-rich but the O, Ne, Mg and Ca are also abundant, with mass fraction for IMEs that are orders of magnitude larger than for a solar mixture at a metallicity of 10 −4 Z⊙. This explains the dominant role of line-blanketing from IMEs, including Si and S, from such early times up to the peak of the light curve. It also explains the early appearance of strong Ca II lines.
This chemical stratification, although not as obvious as in the H-rich models discussed in the preceding sections, is reflected in the spectral evolution of model He100ionI (Fig. 14) . Despite representing ∼ 8% of the total mass of the ejecta, He is only present in the outermost ejecta shells. By 10 d after explosion, the photosphere has already crossed these He-rich regions so that there is no visible signature of He during the remaining part of the photospheric phase, This is consistent with the O(0.1) mass fraction of He in the outer layers (Dessart et al. 2011) together with the negligible non-thermal excitation/ionization at such epochs in the outer ejecta (Dessart et al. 2012b ). We find Si I to be an important source of blanketing at the cool photosphere (for up to about Dessart & Hillier (2005b) , with a maximum absorption that may underestimate or overestimate the photospheric velocity, and the blue shifted peak emission. At nebular times, the line profile evolves towards a flat topped emission with a P-Cygni profile absorption fixed at ∼ 4000 km s −1 (R190NL) and ∼ 8000 km s −1 (B210NL), which in each case corresponds to the velocity at the base of the hydrogen envelope (see Fig. 2 ). 50 d). The continuum flux testifies for the presence of important photo-ionization cross sections (e.g., from Mg I with an important edge at 3757Å) and the absence of strong line blanketing in the optical, since the continuum flux closely follows the total flux for up to a month (Fig. 14) maximum (Fig. 5) is visible in the hardening of the spectra (see also Fig. 7 ) and the temporary weakening of blanketing from neutral IMEs. During that phase, the photospheric velocity is around 5000 km s −1 , and the optical line profiles appear relatively narrow (i.e., compared to the RSG/BSG progenitor models discussed above), apart from more optically-thick lines like Ca II. Numerous lines have a velocity at maximum absorption that underestimates the photospheric velocity (Fig. 15) . As noted before and in Dessart & Hillier (2005a) , this is caused by a projection effect in homologous ejecta since for increasing impact parameters, the location of maximum absorption tends to follow an iso-density contour, intersecting planes of ever smaller projected velocity. During this brightening phase, the continuum synthetic flux is again a good diagnostic for this heating and increased blanketing from earlier times.
By ∼ 150 d after explosion (i.e., the light curve peak), the photosphere has now receded halfway through the ejecta, into the layers dominated by Si/S/IGEs, and its temperature goes through a maximum (of ∼ 6000 K). From then onwards, the spectrum reddens, the blanketing from IGEs strengthens, initially through the effects of Fe II and eventually Fe I. The spectrum starts again showing strong lines of low-ionization and neutral species (as it did at ∼ 50 d), but with the additional contribution from metal line blanketing. We also see the appearance of [Ca II] at 7291-7323Å. As seen before for the B190 and B210 models, the spectra at and beyond light-curve peak are red, not blue, with the bulk of the flux emerging at 5000Å, and progressing to longer wavelength as time proceeds. Throughout this phase, no He I line is visible, which again confirms the notion that a Type Ic classification is not a guarantee of helium deficiency (Dessart et al. 2012b ). The fundamental feature of these PISN spectra are the ubiquitous and concomitant presence of lines from O, Mg, Si, and Ca, in a much more pronounced fashion than generally seen in Type Ic SNe. The low metallicity of the environment is not as obvious as for the R190 model, but noticeable after inspection from the lack of Fe II blanketing in the 5000Å region; it is clear that the blanketing occurs but it is not IGEs like Ti or Fe that cause it here but instead IMEs and in particular Si.
To illustrate more vividly the blanketing caused by the numerous lines of metals, as well as its evolution with time, we show in Fig. 16 the distribution of the flux versus wavelength and velocity (equivalently the depth in the ejecta). Overplotted, we draw the photospheric location obtained for various opacity sources (electron-scattering, Rosseland-mean opacity, and flux-mean opacity). These photospheric velocities/radii are systematically smaller than obtained when accounting for the additional opacity of lines (red curve). Moving from the light-curve peak to ∼ 300 d, the blanketing is even stronger in the UV and optical, and it continues to strengthen as the ejecta cools and recombines. This blanketing enhances the likelihood of interaction with a line for a photon emitted short ward of ∼ < 5000Å. Through fluorescence, this photon can give rise to multiple lower energy photons, which, being subject to Figure 13 . Same as Fig. 9 , but now for BSG model B210NL with 210 M ⊙ on the main sequence. Notice, in particular, the presence of He I 10830Å at nebular times and the red colors at all post-peak epochs, despite the huge 56 Ni mass synthesized in this explosion. a smaller opacity, can escape. Alternatively, blanketing lengthens the photon-residence time at depth, and thus enhances the probability for absorption. Because of the decrease in temperature outwards, 7 this would translate into emission but now of lower energy photons. Both effects tend to deplete the flux where blanketing is strong, "reddening" the spectrum. Indeed, where the blanketing is strong, the flux is weak.
Nebular phase spectral evolution of all four PISN models
The transition to the nebular phase is not sudden, but occurs gradually as the intensity of weaker lines become less and less strong compared to the lines normally associated with the nebular phase of SN spectra (e.g., [O I] 6303-6363Å, [Ca II] 7290-7290Å and the triplet lines of Ca II at 8500Å; and Hα when H is present).
This outer ejecta, which contains few tens of solar masses of IMEs, O, He, and in some cases H, is like a nebula on top of a centrally illuminating source. This persistent incoming radiation is complemented by non-local deposition of decay-energy from γ-rays escaping the core emission sites, which occurs when the γ-ray mean-free-path becomes sizable compared to the ejecta extent. This can resurrect the outer ejecta which had earlier on become 7 In the optically-thin regions, the temperature distribution can be quite complex in practice due to density and composition changes, as well as the effects of non-local energy deposition. completely transparent and invisible. Hence, in PISN models that were faint initially, the nebular phase represents a means of probing the outer ejecta again.
The strongest nebular line is [Ca II] 7290-7290Å -it has a moderate critical density of ∼ 10 6 cm −3 , is easily excited by collisions with electrons, and for most of the SN evolution discussed in this paper Ca + is the dominant ionization stage of Calcium. [Ca II] 7290-7290Å appears as a single broad feature at late times in all models -in fact it appears before the complete transition to the nebular phase, at 250±50 d. In models B190 and B210, it is even present for a few weeks near ∼ 50 d. In R190NL (which is representative of the whole set), we find that emission is limited to the regions below 4500 km s −1 in that model (except for Hα), thus limited at all times to the progenitor He-core. It peaks at 4000 km s −1 at 200 d and systematically recedes with time down to ∼ 1500 km s −1 at 1000 d. In contrast to Type II-SNe at near solar metallicity, there is no Ca II emission/absorption from the H envelope. This occurs because of the Ca deficiency outside of the core where Ca has a mass fraction of only 6.44 × 10 −9 . The low metallicity of the PISN progenitors in our set quenches any outer-ejecta (i.e., the H or He envelope) emission/absorption from species other than H/He. We note at nebular times the overlap of the [Ca II] 7300Å doublet with Ca I lines at 7148 and 7326Å (see Appendix C).
The Ca II triplet is initially absent during the photospheric phase, appears as a relatively narrow P-Cygni profile as the pho- Figure 14 . Same as Fig. 9 , but now for 100 M ⊙ He-star model He100ionINL (same PISN model as He100, but the radiative transfer is computed with allowance for Mg I, Si I, S I, and Ca I; we also allow for non-local energy deposition). Figure 16 . Variation of the co-moving frame flux versus wavelength and velocity (or depth in the ejecta) for model He100ionI at 152 (left) and 296 d after explosion (right). We also overplot the location of the photosphere that results when including all sources of opacity (jagged red line), electron scattering only (bottom red line), the Rosseland-mean opacity (blue line), or the flux-mean opacity (green line). Finally, for illustration, we show on the right side of each panel the local energy deposition from radioactive decay of 56 Ni nuclei (black; in erg s −1 cm −3 ; normalized to its maximum value which occurs in the innermost shell) and the frequency-integrated CMF flux versus velocity (green). While the 56 Ni distribution is a given of the hydrodynamical input and thus fixed, the distribution of the energy deposition extends farther outward as time progresses and as the photospheres recedes. tosphere recedes into the helium core, before it turns into a set of relatively narrow emission lines at very late times. In model B210, the larger expansion rate causes the individual emissions to overlap and form a unique emission feature -different ejecta kinetic energies and stratification yield different velocities for this emission region but the principle holds the same in all.
Interestingly, some lines appear or re-appear at the nebular phase following the revival from non-local energy deposition. The most striking example of this is the re-appearance and persistence of Hα in model B210NL beyond 200 d, after the line had been weakening since the start of the simulations at 15 d (Fig. 13) . Over the time span 200-500 d, Hα shows a strong P-Cygni profile, in particular with a strong and broad absorption component. We show a montage for the complete evolution of Hα in Fig. 11 for models R190NL (left column) and B210NL (right column). At nebular times, the Doppler velocity at maximum absorption remains constant (see also the top panel in Fig. 11 ) and equal to the velocity at the base of the H envelope. The emission component is flat topped and its half-width also matches closely the velocity at maximum absorption. The H-deficiency in the inner ejecta (Fig. 2) together with the non-local energy deposition from γ-rays explains these properties. Note that due to strong line overlap with metal lines, Hα is not easily seen in all RSG/BSG models. Only B210 with its enhanced heating shows it unambiguously.
In Fig. 17 , we show the time evolution of the formation region for some of these lines in models R190NL and He100ionINL. The emission regions are ultimately bounded by the abundance distribution of the species under consideration, which reflect the pre-SN evolution, the regions where explosive burning took place, and the additional smearing we apply to all models (except for B210) -see Fig. 2 for details. For example, [O I] 6303-6363Å is present in all models at very late times. The lower the model E/M , the lower the expansion velocity of the O-rich shell. We obtain representative velocities of 4000 km s −1 (R190 and B190), 6000 km s
(B210), and 7000 km s −1 (He100). Oxygen emission thus arises from regions where both the O mass fraction and the mass density are large. This emission is also influenced by optical depth effects. In model R190, O emission comes from regions with velocities extending from 1400 to 4500 km s −1 , while in model He100 O emission is confined to regions with velocities between 3500 and 10,000 km s −1 . At early times, the emission is weighted towards the outer regions because the high opacity limits the emission from the inner regions. At later times emission tends to be weighted towards the inner regions where the power source (the decay of 56 Co) resides.
In Fig. 18 , we compare this segregation of line emission at nebular times in model R190. The regions of emission for the main lines evolve little with time and reflect directly the chemical stratification, yielding broad H I lines, intermediate witdh O I, and narrow Ca II. This is in contrast to solar-metallicity CCSNe at nebular times in which a significant fraction of the nebular line flux stems from the envelope unaffected by any nuclear burning, and thus at the primordial composition (Dessart & Hillier 2011a; Maguire et al. 2012) . Similarly, in nebular-phase spectra of Type II CCSNe, Hα generally shows a narrow profile and requires mixing into the core (Utrobin 2007; Li et al. 2012) , while here the Hα profile stems entirely from the outer H-rich shell. Mixing in those PISNe, which is expected to be inefficient (Joggerst & Whalen 2011 ; but see also Chen et al. 2012) , should not alter this result.
COMPARISON TO OBSERVATIONS OF PISN CANDIDATES

SN 2007bi
Given the numerous uncertainties affecting the modeling of PISNe, our goal is to identify critical signatures from our simulations that will allow PISN candidates (e.g., SN 2007bi) to be confirmed or dismissed as a PISN. An important result of the present study has already been presented in the broader context of superluminous SNe, where we argue that PISN explosions have probably not yet been discovered (Dessart et al. 2012c ). The observed light curve of SN 2007bi reveals a peak at MR ∼ − 21.3 mag and a slowly decreasing nebular flux compatible with full γ-ray trapping (Gal-Yam et al. 2009 ). Our model He100 (or He100ionI; allowance for non-local energy deposition does not influence the results for this comparison) matches closely these light-curve properties, although our model is fainter by ∼ 0.8 mag in the R band (Fig. 19) . As discussed in Dessart et al. (2012c) , the models He110 or He115 (corresponding to similar models to He100 but from 110 and 115 M⊙ Helium cores) match better the luminosity of SN 2007bi at and beyond the peak. However, their spectral properties are comparable to those of He100. Overall, the explosion and light-curve properties that we infer for model He100 are in agreement with the 100 M⊙ Helium-core models computed by other groups (Gal-Yam et al. 2009; Kasen et al. 2011) .
Matching the light curve is a necessary step to validate a model, but it is not a sufficient test. Light-curve degeneracy is epitomized by the good quality fit obtained by Kasen & Bildsten (2010) and Kasen et al. (2011) For the BSG progenitor B190, the light curve shape is in agreement with the observations of SN 2007bi. The presence of hydrogen in the outer ejecta cannot be inferred from spectra at and beyond peak in this model (Fig. 12 ) so it would be at least in principle compatible with the observations of SN 2007bi and its Type Ic classification. Model B210 does show Hα unambiguously at nebular times (Fig. 13), 8 but it produces a too high luminosity for SN 2007bi. In model B190, the presence of an hydrogen envelope (not directly inferred from spectra at and beyond peak) leads to a smaller expansion rate of the He-core than in the He100 model. The broad line features seen in the optical spectra of SN 2007bi suggest fast expansion of the emitting layers and so, in this PISN context, would favor the lowest mass progenitor capable of producing 3-5 M⊙ of 56 Ni. Hence, our model He100 (He100ionI) seems the most suitable of all four for this PISN candidate and we therefore focus on this below.
The main spectral signatures for model He100ionI are the dominance of absorption and emission processes from IMEs in the spectra up to the peak, and a hardening of the spectrum on the rise to peak (Fig. 14) . After the peak, the spectrum formation region is located within the Si/S/Fe-rich layers. The high metal content together with the cooling of the photosphere, leads to strong blanketing in the blue and a severe reddening of the spectrum. This alone is the most fundamental disagreement with the observations of SN 2007bi (Fig 19; Dessart et al. 2012c) , and in fact of other superluminous SNe which seem to be systematically blue after the peak (Quimby et al. 2011) . Our PISN simulations are in contradiction with this observed property. Indeed, it would be surprising for PISN explosions to retain hot photospheres free of blanketing few hundred days after explosion.
On the rise to peak, the photosphere feels the heat wave powered by decay and diffusing from greater depth, and consequently cannot feel the blanketing effects of these buried IGE; the spectra before peak are bluer. After the peak, the photosphere cools and recedes to IGE-rich layers, feeling the full effect of metal-line blanketing. The comparison made by Young et al. (2010) between typical SN Ia spectra and those of SN 2007bi reveals a striking similarity, but this similarity suggests SN 2007bi is not a PISN. In the best fitting model He100 of a 100 M⊙ ejecta, the 56 Ni mass is 5.02 M⊙, thus 5% of the total mass. This is closer to the value of ∼ 1% characterizing SNe II-P than the value of ∼ 50% characterizing SNe Ia. As discussed in Dessart et al. (2012c) , models with increasing 56 Ni-to-ejecta-mass ratios have bluer colors but even in the most extreme case of PISN model He125, this ratio is 0.26 and the colors are still too red to match those of SN 2007bi -this He125 model is also much too bright with its 56 Ni mass of 32 M⊙. In the models He100-He115, which match quite well the SN 2007bi light curve, the amount of energy released per unit mass is not so favorable to produce a hot emitting ejecta at and beyond the peak of the light curve, as suggested by SN 2007bi. And indeed, our nebular-phase synthetic spectra are systematically cool and suffer severe line-blanketing dwarfing the flux short ward of ∼ 5000Å. This color mismatch can be inferred by comparing the model He100 color B − R with the observations of SN 2007bi. In the model, it is ∼ 0.55 at the light curve peak and subsequently, it steadily rises to reach 2.5-3 after 200 d (Fig. 8) . In contrast, the observations of SN 2007bi show a B−R of ∼ 0.23 mag (0.9 mag) 54 d (150 d) after peak (Young et al. 2010) , hence a much bluer colour.
A further problem with the similarity between SNe Ia spectra and SN 2007bi illustrated by Young et al. (2010) is that in a PISN explosion, the 56 Ni is produced in the hottest and densest regions of the ejecta. In model He100, these regions are ejected at a speed ∼ < 4000 km s −1 , while in SNe Ia these layers reach up to 15000 km s −1 . This strong contrast in expansion rate for the 56 Co/ 56 Fe-rich layers conflicts with this spectral similarity: metal lines in SNe Ia are broad while those in PISNe are narrow. It is also illustrated by the inconsistency of the PISN model presented in Gal-Yam et al. (2009) : inferring a mass-weighted mean velocity of 8000 km s −1 and an ejecta mass of 100 M⊙, the explosion has to deliver ∼ 100 B (note that ∼ 10 B is needed to just unbind such a super-massive compact star), which is then incompatible with the inferred 3-10 M⊙ of 56 Ni synthesized in the explosion. For comparison, the extreme model B210 presented here releases "only" 75 B through burning, producing an ejecta with a kinetic energy of 65 B.
Kasen et al. (2011) have compared one synthetic spectrum for their He100 model at 50 d before peak with the spectrum of SN 2007bi at 54 d after peak. They do reproduce the blue spectrum but this stems from the fact that they have a 100-d mismatch. At 50 d after explosion, the color is no longer blue and the spectra are strongly line blanketed, in contradiction with the observations. It thus seems unlikely that SN 2007bi is a PISN explosion. In addition with the issues raised by star formation (Hosokawa et al. 2011 ) and stellar evolution (Langer et al. 2007 ) for such supermassive star progenitors, 9 we have provided independent arguments that suggest that even if PISN ejecta existed, their radiative properties would conflict in numerous ways with the observations of SN 2007bi. As we propose in Dessart et al. (2012c) , we instead favor a magnetar scenario for SN 2007bi, as well as for superluminous SNe characterized by blue colors.
SN 2006gy
The spectral evolution of our H-rich PISN models (i.e., R190, B190, B210) can also be compared to that of PISN candidate SN 2006gy, whose superluminous display was associated with 56 Ni-power or CSM interaction (Ofek et al. 2007; Smith et al. 2007 ). This superluminous Type IIn SN reveals a spectrum dominated noticeably by H I Balmer and Fe II lines with narrow and broad velocity components (Smith et al. 2010) . Its spectral morphology suggests a slow cooling of the emitting region, with little signs of line blanketing, and, surprisingly, no emission of the usual [Ca II] and [O I] nebular lines seen in massive-star explosions.
The 56 Ni-power vs. CSM-interaction models can be discussed further in light of our simulations. The explosion of a RSG progenitor is directly rejected from the bell-shape light-curve morphology of SN 2006gy, while the presence of hydrogen would require a blue or a yellow supergiant (in agreement with the expectations from stellar evolutionary calculations; Langer et al. 2007 ). However, our simulations, wherein the luminosity is powered by radioactive decay primarily, indicate that by the time the SN reaches 9 On possible way to overcome the evolution argument is through mergers in a dense star cluster, as recently discussed by Pan et al. (2012b) . its peak brightness, the photosphere is in the Helium core and radiates a spectrum that contains little sign for the presence of hydrogen (models B190 and B210). The bulk of that energy arises from the core and the emission is channeled for a sizable part into those fine structure lines, which should thus be observable. The fact that SN 2006gy retained a Type II spectral morphology for hundreds of days with no signs of blanketing short ward of 5000Å and no forbidden line emission from [Ca II] and [O I] invalidates the 56 Nipower model for SN 2006gy.
PISN AS METALLICITY INDICATORS IN THE UNIVERSE
Being so luminous, PISN explosions represent attractive probes of the young Universe where the first stars formed. In particular, those that die as RSG stars would sustain a high luminosity in the optical from early after breakout until the transition to the nebular phase about a year later (in the SN frame). As discussed earlier (Sect. 5.1), the representative model R190 has a nearly pure H I spectrum (with small contributions from He I) with no sign of line blanketing from either IMEs or IGEs for ∼ > 250 d after explosion. During that extended time, which may last a few years for an observer on earth depending on the redshift, spectroscopic observations could reveal the environmental metallicity out of which the PISN progenitor formed. At large redshift, this determination is generally done from analysis of nebular lines (Osterbrock 1989 ), but doing this task using the SN spectrum offers a very interesting alternative. In the present case reported, the metallicity is so low that no metal lines are seen at early times, which would be an unambiguous signature that the metallicity is extremely low. For higher metal abundances, one expects a gradual rise in associated line strengths (Kasen et al. 2011 ).
As we discussed in detail, in particular for model He100ionI, on the rise to peak the photosphere probes the He-rich and O-rich envelope above the IGE-rich inner ejecta and thus still reflects the primordial abundances for IGEs. After the peak, this information is all lost since we see emission/absorption from the ashes produced by steady and explosive burning. This still leaves an extended window for determining iron abundances, for example, for the primordial gas out of which the star formed.
In Fig. 20 , we show how the iron mass fraction varies at the photosphere for all models, with horizontal lines indicating the levels corresponding to the SMC, the LMC, and the solar iron mass fraction. Over a few hundred days, the iron mass fraction varies in all cases over 7 orders of magnitude, i.e. from the iron-deficient outer ejecta to the pure iron layers of the inner ejecta. Note however that the primordial metallicity is preserved at the photosphere of model R190 for ∼ 200 d (because the thermalization region is much deeper than the electron-scattering photosphere, metals influence the emergent spectrum of model R190 before 250 d; see Fig. 9 ).
CONCLUSION
In this paper, we have explored the radiative properties of PISNe arising from the explosion of RSG, BSG, and WR star progenitors at a very low metallicity of 10 −4 Z⊙ and without rotation. Our approach is based on physically-consistent modeling of the evolution from the main sequence until the onset of the pair-production instability using the stellar evolution code MESA, the explosion phase Figure 20 . Illustration of the iron mass fraction at the electron-scattering photosphere versus time since explosion for each model. Two competing effects cause this quantity to generally increase with time, i.e., the photosphere recession to IGE-rich layers as time proceeds and the decay with time of 56 Ni and 56 Co isotopes. We draw a dotted horizontal line to represent the iron mass fraction in the SMC, LMC, and in the solar neighborhood. More generally, RSG-star explosions constitute an attractive probe to constrain the metallicity, especially those occurring in the early Universe. and the evolution of the ejecta with the radiation-hydrodynamics code1d (with allowance for explosive burning), and the non-LTE time-dependent radiative-transfer modeling with CMFGEN for the multi-band light-curves and spectra from the photospheric to the nebular phase. In this paper, we have focused on this last step, while the former two steps will be described in Waldman et al. (in prep.) . In practice, we focus on a 190 M⊙ RSG star (model R190), a 190 and 210 M⊙ BSG stars (models B190 and B210), and a 100 M⊙ WR star (model He100).
The exceptional progenitor and explosion properties of the PISNe we modeled set them apart from the SNe we routinely observe in the local Universe. With ejecta masses of ∼ > 100 M⊙, ejecta kinetic energies of few tens of B, 56 Ni yields of a few M⊙, their luminosity peaks at ∼ 10 10 L⊙ about 150-200 d after explosion, remaining above ∼ 10 9 L⊙ for ∼ > 100 d. Their large ejecta mass ensures full γ-ray-trapping so that the 56 Co decay rate gives the distinctive ∼ 0.01 mag d −1 nebular decline rate up to ∼ 500 d after explosion (∼ 300 d after bolometric maximum). Over the next 500 d, the fading rate slowly steepens in the lower ejecta-mass model He100 but stays the same in the more massive ejecta models.
The ingredients ruling the evolution of "standard" SNe in the local Universe apply to PISNe directly. The influence of the progenitor radius is key in yielding the high-luminosity plateau of the RSG model R190, while the more compact BSG and WR progenitors are characterized by a single highly luminous 56 Ni-powered peak. Furthermore, the large progenitor radius of model R190 yields a hot ionized photosphere for weeks after explosion. In the BSG model B190, recombination turns on much more quickly, as in SN 1987A. In the helium-rich model He100, the re-brightening phase to the bolometric peak corresponds to a photospheric residence in the Orich core, with inefficient non-thermal excitation of the outer helium. Hence, our model R190 would be classified unambiguously as a SN II-P. Models B190/B210, despite having a sizable amount of H and He, would be Type IIc if observed early on (Dessart et al. 2012b ) but most probably a Ic if discovered at peak or beyond.
Finally, model He100 would definitely be a Type Ic despite the ∼ 8 M⊙ of helium in its outer ejecta.
Despite these significant spectral and light-curve differences up to the bolometric peak, all models reveal very similar lightcurve and spectral properties beyond it. This naturally stems from the comparable core properties of the progenitor stars -here, differences in cumulative mass for O or 56 Ni change little the temperature or ionization controlling the radiative properties from the core and conspire to produce this degeneracy.
Two fundamental properties emerge from PISN simulations (see also Kasen et al. 2011) . First, homologous expansion in such massive ejecta implies that while the outer layers may be traveling fast, as witnessed early on from the width of the Balmer lines in the SN II-P model R190, the inner ejecta travels at relatively small speeds and should therefore lead to rather modest nebular line widths. The 56 Ni rich core travels at ∼ < 2000 km s −1 in model B190/R190 and at ∼ < 4000 km s −1 in models B210/He100. Hence, although these objects are thermonuclear explosions, their chemical stratification is closer to that of core-collapse SNe than SNe Ia. In practice, we find all our PISN simulations to follow this principle and reveal nebular lines with a narrow width, in particular arising from the O-rich and Ca-rich shell on top of the 56 Ni-rich core.
The second, perhaps counterintuitive, property of these PISNe is the relatively modest ejecta and photospheric temperatures of ∼ < 5000 K at and beyond the bolometric maximum. What controls the ejecta ionization and temperature is not just the mass of 56 Ni, which is admittedly large, but instead the ratio of 56 Ni mass to ejecta mass, which is typically quite small in these PISNe, again more typical of core-collapse SNe than SNe Ia. Indeed, the large ejecta mass means that the energy released is to be shared. This is an inevitable property of PISNe since pair-production can only occur in stars with super-massive He/CO cores. Indirectly, this increases the diffusion time of the ejecta, which becomes transparent late, at ∼ < 200 d in this set. By then, the ejecta has expanded to 10 16 cm, corresponding to an increase in radius of 10 5 for the core material at that time. At such late times, 56 Co decay dominates, with a weaker heating rate compared to 56 Ni. Consequently, the PISN spectra at and beyond bolometric maximum are red, i.e., little flux is emitted shortward of ∼ 5000Å, and strongly blanketed by Fe II and eventually Fe I. This is in stark contrast with any known superluminous SN today. As we emphasize in Dessart et al. (2012c) , these properties are at odds with the observations of the PISN candidate SN 2007bi (Gal-Yam et al. 2009 ). An attractive alternative, which needs further study, is the magnetar model whereby energy is added to a SN ejecta but without the compromising blanketing effects of metals.
The current status of PISNe today is rather grim. Recent numerical simulations indicate that super-massive stars are hard to form (Hosokawa et al. 2011) . If they did form, we do not currently expect them to explode as Type Ic PISNe unless at very low Z (Langer et al. 2007 ). If they did form and exploded at Z⊙/3 as a Type Ic SN, we do not expect them to resemble SN 2007bi at all, as demonstrated here, but rather display red colors and lines with a modest width at all times.
A more attractive scenario for producing blue weaklyblanketed broad-lined superluminous SNe is by the magnetar scenario, or any similar setup in which a large energy is fed into the ejecta once it has expanded to a SN size (Dessart et al. 2012c) . Two effects suggest that this scenario is more amenable to explain these events. First, the formation of a magnetar involves the fast rotation of the progenitor Fe core prior to col-lapse (Hirschi et al. 2004b; Woosley & Heger 2006; Georgy et al. 2009 ), which can be produced in a wide range of massive stars at LMC-like metallicities or less. We expect a diversity both in the magnetar properties and in the associated SN ejecta. Importantly, a large magnetar radiation is function of the magnetar properties and can therefore occur in combination with low-or moderatemass ejecta. In contrast, a large 56 Ni mass in a PISN requires by essence a larger mass progenitor. The snow-plow effect from magnetar energy injection can thus easily alter the dynamics of the inner ejecta and lead to the formation of broad lines at nebular times (Kasen & Bildsten 2010; Woosley 2010; Dessart et al. 2012c ). Mistaking such a magnetar-powered ejecta for a PISN (in homologous expansion and showing a 56 Ni-powered LC) would lead to a poor estimate of the ejecta mass and kinetic energy. Such inconsistencies have arisen for SN 2005bf and SN 2007bi if one assumes a super-massive 56 Ni-powered SN (Folatelli et al. 2006; Gal-Yam et al. 2009; Kasen et al. 2011 ) rather than a magnetarpowered SN (Maeda et al. 2007; Kasen & Bildsten 2010 ). What we demonstrate in this work is that distinguishing the two models should be done through detailed spectroscopic modeling.
Our simulations give the fundamental properties we expect for PISNe in the early Universe and stemming from non-rotating progenitor stars. Proposed PISN candidates have all been observed in the nearby Universe, at metallicities close to the solar value. At smaller metallicities, the evolution of the progenitor massive star will be altered, in ways that depend considerably on the mass loss rate. Exploratory calculations by Langer et al. (2007) suggest that H-rich PISNe are possible at metallicities as high as Z⊙/3, but that H-deficient (Type Ic) PISNe may be limited to lower-metallicity environments. Besides the impact on the progenitor properties (and its propensity to lead to core collapse or pair production), variations in the metallicity will tend to modulate the effects of line blanketing. Based on our results, we anticipate this will play a role at early times (plateau phase in SNe II-P, pre-peak phase in SNe IIpec and Ib/c), before the photosphere recedes to the inner ejecta rich in explosively-synthesized IGEs.
A potential caveat of our simulations, to be remedied in the future, is the neglect of stellar rotation for the pre-SN evolution. The PISN channel for rotating massive Pop IIII stars has been recently studied by Chatzopoulos & Wheeler (2012) and Yoon et al. (2012) . By increasing the stellar core mass, fast rotation can lower the minimum main-sequence mass needed to encounter the pair-production instability. Neglecting mass loss entirely, Chatzopoulos & Wheeler (2012) suggest a lower mass limit of ∼ 65 M⊙; allowing for radiation-driven mass loss from optically-thick lines of CNO elements, Yoon et al. (2012) give a lower main-sequence mass limit of ∼ 90 M⊙, corresponding to a final mass of ∼ 70 M⊙. Rotation can thus permit to produce lower mass PISN ejecta, about 30% less massive than our He100 model. Lowering the ejecta mass reduces the rise time to light-curve peak, although this shift will depend on the explosion energy and 56 Ni mass produced. This will diversify the PISN light-curve and spectral properties, introducing a range of peak luminosities and spectral properties. In Dessart et al. (2012c) , we presented results for PISNe from He cores between 100 and 125 M⊙ (evolved without mass loss). These covered a huge range of 56 Ni mass between 5.0 and 32.4 M⊙, ejecta kinetic energy between 37.6 and 74.2 B. More energetic models produced higher peak luminosities with broader spectral lines at any given epoch. However, as emphasized in Dessart et al. (2012c) , the ejecta richer in 56 Ni have larger temperatures but suffer stronger blanketing from IGEs so that the range of colors is limited and the resulting PISN spectra are rather red. To conclude, the variations of a few tens of percent in ejecta mass permitted by the inclusion of progenitor rotation will likely have only a modest impact on PISN radiative properties.
Ongoing and future deep systematic surveys of the sky may eventually detect unambiguously the explosion of the first stars. Given their longer high-brightness light curve and bluer colours, the explosion of RSG stars should be prime targets. Their extended and massive hydrogen-envelope would also allow the inference of the environmental metallicity in which they form. Furthermore, such RSG-star explosions could be used to determine distances out to large redshifts using the Expanding Photosphere Method (Kirshner & Kwan 1974; Eastman et al. 1996; Dessart & Hillier 2005a) .
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APPENDIX A: EJECTA PROPERTIES
In this section, we present more quantitatively the photospheric and ejecta properties. We give tabulated values (Tables A1-A4 ) corresponding to Fig. 5 discussed in Section 4. Specifically, we give the time evolution for the radius, velocity, temperature, and overlying mass at the electron-scattering photosphere, together with the base ejecta electron-scattering optical depth.
Concerning the latter, we note that ejecta recombination induces a decline of the optical depth that is steeper than the 1/t 2 scaling corresponding to homologous expansion. Nonetheless, the electron-scattering optical depth remains ∼ > 1 for about 600 d in all four simulations. This is a rather unique property of PISN explosions, inherent to the huge progenitor/ejecta masses involved. This property may be misleading because by the time the ejecta base is optically thin, the outer ejecta has a much lower density and may thus be in a nebular regime. This hybrid configuration is reflected spectroscopically by the concomitant presence of P-Cygni profiles (associated with transitions that remain optically thick for years) and forbidden emission lines (such as the [Ca II] 7300Å doublet). There is thus continued interaction between the radiation and the gas, but the depletion of the radiation field at short wavelength (in the bound-free continua of H/He/CNO/IMEs) is very weak and thus unable to cause much photo-ionization. At late times, γ-rays travel some distance before being absorbed, inducing non-local energy deposition. The corresponding thermal energy, and the associated non-thermal excitation and ionization, may cause the ionization to rise again.
We note that the huge energy release from decay (and the diffusion of that heat) prevent the formation of a sharp drop in optical depth at any time, something that is most dramatically seen in "standard" SNe II-P simulations at the end of the plateau phase (Dessart & Hillier 2011a) . In that case, the transition to this nebular regime often coincides with a sharp rise in polarization (Leonard et al. 2006; Dessart & Hillier 2011b) . We also show the ionization state of the gas in Fig. A1 , as it indicates which species contribute opacity at depth (thus controling the diffusion of heat) and at the photosphere (affecting the spectrum formation). We restrict the illustration to models R190, B210, and He100ionI, and the dominant species H and/or He, O, and Fe. A generic property of these ejecta is their low ionization. This result may seem counter intuitive given the large amount of 56 Ni but it stems from the large ejecta mass which increases the diffusion time, making the SN evolve on very long time scales and turning transparent after few hundred days when the decay energy rate is small. This large mass also means this decay energy is to be shared, so that the energy released per unit mass is in fact quite comparable to what obtains in standard core-collapse SNe. Combined with the huge explosion energies, the small initial radius implies a very large expansion, associated with strong cooling from P dV work. These curves reproduce the general morphology of ionization profiles in "standard" SN ejecta (e.g., Dessart & Hillier 2010) . The fast-expanding low-density outer regions maintain a high ionization -this ionization freeze-out is in a large part a time-dependent effect . At low velocity, radioactive decay contributes significant heating, weakly affected by radiative cooling due to the larger optical depth of the inner ejecta layers. The photosphere (marked as a filled circle in the figure) is by essence a tracer of the region bridging thick and thin conditions, and thus delimits the higher ionization ejecta at depth from the recombined conditions immediately above it. The minimum ionization is found at the photosphere up to the peak of the light curve because it suf- Figure A1 . Evolution of the ionization state of selected species versus time (color coding) and velocity (equivalent to the depth in the ejecta) for models R190NL (top row; we show H, O, and Fe), B210NL (middle row; He, O, and Fe), and He100NL (bottom row; He, O, and Fe). An ionization level n, where n is a positive real number, for a species X means that this species X is found at that location primarily in its n th -time ionized form (i.e., the ionization level is equal to i iX i+ / i X i+ ). Along each curve, a dot represents the photospheric location at each epoch. fers strong radiative cooling, fast expansion cooling, and weaker heating.
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Finally, we illustrate in Fig. A2 the temperature evolution of the B210 model ejecta, and in particular the presence of a reversal in the trajectory of the photosphere in velocity/mass space. This reversal is also seen in the ionization of oxygen, for example (Fig. A1) . This occurs here because of the strong heating from decay. Early on, the photosphere recedes in mass until the heat wave from greater depth halts its recession, and in the present (but rare) situation, reverses that recession to outward migration. We obtained such an effect in SNe Ib/Ic models in which no macroscopic mixing of 56 Ni was applied (Dessart et al. 2011 ). Observationally, this may occur if a strong heat source is turned on, as in a magnetar. SN 2005bf may well have been influenced by such a delayed heat- 10 We note that species tend to be over-ionized when subdominant so these plots have to be interpreted with the chemical stratification in mind (Fig. 2) . We also note a peculiar dip in ionization at 2000-4000 km s −1 in model R190, which is associated with the O-rich shell: This shell is highly-bound but 56 Ni deficient so that at early times when diffusion is inhibited the corresponding layers evolve adiabatically and cool tremendously by expanding from their small original radius.
ing, given the observed double-peaked light curve, the reversal of the velocity at maximum absorption in He I 5875Å, and the blue colors of the spectra at late times (Maeda et al. 2007; Dessart et al. 2012c ).
APPENDIX B: ATOMIC DATA SOURCES AND MODEL ATOMS
The model atoms adopted for all simulations in this work are identical to that used in Dessart & Hillier (2011a) . The sources of atomic data are varied, and in many cases multiple data sets for a given ion are available. In some cases these multiple data sets represent an evolution in data quality and/or quantity, while in other cases they represent different sources and/or computational methods. Comparisons of models calculated with different data sets and atomic models potentially provide insights into the sensitivity of our results to the adopted model atoms and hydrodynamical inputs (although such calculations have yet to be undertaken for SNe).
Oscillator strengths for CNO elements were originally taken from Nussbaumer & Storey (1983 , 1984 . These authors also provide transition probabilities to states in the ion continuum. The largest source of oscillator data is from Kurucz (2009 Kurucz ( , 2010 ; its principal advantage over many other sources (e.g., Opacity Project) is that LS coupling is not assumed. More recently, non-LS oscillator strengths have become available through the Iron Project (Hummer et al. 1993) , and work done by the atomic-data group at Ohio State University (Nahar 2010) . Other important sources of radiative data for Fe include Becker & Butler (1992 , Nahar (1995) . Atomic data from the opacity project comes from TOPBASE (Cunto et al. 1993) . Energy levels have generally been obtained from National Institute of Standards and Technology. Collisional data is sparse, particularly for states far from the ground state. The principal source for collisional data among low lying states for a variety of species is the tabulation by Mendoza (1983) ; other sources include Berrington et al. (1985) , Lennon et al. (1985) , Lennon & Burke (1994) , Shine & Linsky (1974) , Tayal (1997a,b) , Zhang & Pradhan (1995a; . Photoionization data is taken from the Opacity Project (Seaton 1987; Cunto et al. 1993) , the Iron Project (Hummer et al. 1993; Nahar & Pradhan 1996) , and Nahar & Pradhan (1993) . Unfortunately Ni and Co photoionization data is generally unavailable, and we have utilized crude approximations. Charge exchange cross-sections are from the tabulation by Kingdon & Ferland (1996) . Atomic data for C IV was obtained from Leibowitz (1972) ; Peach et al. (1988) , and for the carbon isoelectronic sequence from Luo & Pradhan (1989) . Collision strengths for Ar II are from Tayal & Henry (1996) . The LS Ne I photoionization cross-sections were modified according to Seaton (1998) . The same procedure was applied to using Ar I mixing coefficients computed at http://aphysics2.lanl.gov/tempweb/lanl. Additional data for Ne I was obtained from the MCHF/MCDHF web site: http://nlte.nist.gov/MCHF. Figure A2 . Evolution of the ejecta temperature for model B210 from 25 until ∼ 600 d after explosion. The dots refer to the location of the electronscattering photosphere and highlight the non-monotonic behavior of the photospheric location within the ejecta. Indeed, the strong heat wave powered by the decay energy from 21.3 M ⊙ of 56 Ni causes the photosphere to migrate outwards in mass (or velocity) between 50 and 100 d after explosion. This behavior, unique to model B210, is seen in both mass and velocity at the photosphere in Fig. 5 . Note that despite the huge 56 Ni mass, the temperature at a few hundred days after explosion is ∼ < 5000 K throughout the ejecta.
APPENDIX C: DEPENDENCY ON MODEL ATOMS
The main impact of increasing the size of the model atoms in our simulations, in particular for metals, is to enhance the magnitude of line blanketing, which tends to make the SED redder. This effect is generally weaker than obtained here through variations in composition between models or versus time (i.e., H vs. IMEs, IMEs vs. IGEs etc.), although it noticeably alters the colors after the lightcurve peak.
For the early-time simulations of models R190, B190, and B210, the photosphere is located in essentially a pure Hydrogen/Helium plasma. Line blanketing effects are negligible and there is no concern with the opacity of IMEs and IGEs and the completeness of our model atoms at such early times.
However, as the photosphere recedes to deeper layers in the ejecta where IMEs and IGEs are abundant the completeness of model atoms becomes a central concern for the reliability of our predictions. After much experimentation in past simulations (Dessart & Hillier 2010 , 2011a Li et al. 2012; Dessart et al. 2012d) , we have converged to an adequate assignment for the number of full and super levels to include (for a discussion on our super-level approach, see Hillier & Miller 1998) . Recently, we emphasized the critical need of including Fe I in simulations of Type II SNe (Li et al. 2012) , while earlier on we found that Sc and Ti play a critical role in optical spectra of SNe II-P (Dessart & Hillier 2011a) .
In ejecta dominated by metals, the situation is more complicated than in type II SNe. To reach a reliable radiative-transfer result, we first find that more levels need to be included. Secondly, while we typically include in the non-LTE solver all the metal line transitions with a statistical weight greater than 0.002, we find that we now need to go down to 10 −4 . 11 This means treating many more lines in total, which increases the computation time. Finally, in the course of this study started with models R190, B190, B210, and He100, we found that the ejecta were rather cold at the nebular phase, and for the compact progenitors, these conditions were also cold prior to re-brightening at early times. Because of the dominance of IMEs in the corresponding emitting layers, we have run a companion model, named He100ionI, identical to He100 (which has the same model atoms as R190 etc), but now including the neutral states for species Mg, Si, S, and Ca. We compare these two sequences at selected post-explosion times in Fig. C1 . The bolometric light curve is largely insensitive to the addition of these neutral atoms. We understand this from the fact that the light curve is primarily conditioned by the diffusion of heat through the optically-thick layers of the ejecta. These shells tend to be ionized and hot, and thus dominated by more ionized species. The only slight change occurs at very early times, prior to re-brightening, when the photosphere is very cold (i.e., ∼ 4000 K; Fig. 5 ). At such times, the blanketing from neutral species is actually huge, because of the IME-rich photosphere, but also because the IGEs are under abundant compared to their solar-metallicity value. Hence, these neutral species act as an overlying blanketing layer, modifying the blocking power of the last-scattering layer. The blanketing is in part due to lines, especially in the optical and the near-IR, but more importantly stems from bound-free opacity from the ground and excited states (note in particular the photo-ionization edge of Mg I at 3757Å) of the corresponding ions (see also the continuum curve in Fig. 14) . As the photosphere heats up on the rise to peak, species become once-ionized and the difference between models He100 and He100ionI weakens, essentially limited to the presence of the strong Mg I 5173Å line.
However, as the SN light curve passes its peak, the color reddens again and the photosphere cools down to 4000 K within 100-200 d. The SN becomes nebular and blanketing from neutral species turns back on. At nebular times, additional blanketing reddens the SED below 5500Å, but also impacts the long wavelength range. This stems indirectly from the impact on the blanketed radiation field. It also arises directly from additional optically-thick lines from Mg I, Si I or S I.
As discussed above, metal line blanketing is irrelevant up to the peak because the composition really becomes IGE dominated at the photosphere only then. So, to expedite our very time consuming simulations, we have used modest-sized iron model atoms up to the peak (Fe I [136, 44] and Fe II [115, 50] ), improved it early after the peak (Fe I [136, 44] and Fe II [827, 275] ), and finally used huge model atoms for both at later times (Fe I [1142, 413] and Fe II [827, 275] ) -the numbers in square brackets represent the number of full and super levels. This choice of model atoms yields converged results in our SNe Ia simulations (Dessart et al. 2012a ) and we expect the same level of accuracy to be reached in those similarly metal-rich PISN ejecta at late times. not apply to the lowest n levels (n is typically 9), and we only cut a transition when there is at least m (m is typically 9) stronger downward transitions from the level. Thus, this procedures does not cut important transitions to ground levels, and forbidden and semi-forbidden transitions among lowlying states.
APPENDIX D: LOG OF MAGNITUDES FOR EACH PISN MODEL
To complement the discussion on the colors of our PISN simulations, we present in Tables D1-D4 the magnitudes and luminosities (bolometric and UVOIR, i.e., integrated flux from the blue edge of the U band to the red edge of the I band). From these, one can easily infer various bolometric corrections and compare to observations. Figure C1 . Illustration of the changes to the bolometric light curve (top left) and the spectra (subsequent panels, showing snapshots at 30, 50, 100, 200, 400, and 620 d after explosion) for the ejecta model He100ionINL, which treats the neutral species Mg I, Ca I, Si I, and S I, with model He100NL, which ignores them. Under favorable ionization conditions, these additional neutral states can increase the magnitude of line blanketing and bound-free opacity. Notice at nebular times the impact on the strength of the [Ca II] 7300Å doublet (He100NL), reduced by the overlap with Ca I lines at 7148 and 7326Å (He100ionNL). Opacity effects are associated with line blanketing and photo-ionization cross sections, and are strongly modulated by the ionization state at the photosphere. Table D1 . Bolometric and UVOIR luminosities as well as synthetic magnitudes for PISN model B190NL. The UVOIR luminosity corresponds to the integrated flux over the wavelength interval 3000-9200Å, i.e., from the blue edge of the U band to the red edge of the I band. Table D2 . Bolometric and UVOIR luminosities as well as synthetic magnitudes for PISN model R190NL.
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